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1.0 SUMMARY 


In pursuit of an acoustically acceptable, high performance exhaust system 
capable of meeting Federal Aviation Regulation Stage 3 (FAR36 Stage 3) noise 
goals for an Advanced Supersonic Transport (AST) application, a design study 
was conducted within NAS3-23038 (Reference 1) to incorporate an acoustically 
treated ejector shroud into a 20-chute suppressor exhaust system. That 
contract additionally evaluated the aerodynamic performance of the suppressor/ 
ejector exhaust design in a scale-model system at various flight mission points 
including takeoff, subsonic cruise, transonic cruise, and supersonic cruise; 
results are presented within Reference 1. This reports acoustic performance 
evaluation contract utilized the NAS3-23038 "takeoff" design point's aero- 
dynamic flowlines as a starting point around which to evolve a scale-model 
system for acoustic testing. Ten scale-model nozzles were tested within the 
General Electric, Evendale Anechoic Free-Jet Facility, obtaining an acoustic 
data base of 188 static/simulated-flight test points. The test points 
primarily patterned the operating throttle line of an Advanced Supersonic 
Transport/Variable Cycle Engine (AST/VCE) utilizing an inverted-velocity- 
profile coannular propulsion nozzle. Within this report, overview acoustic 
parameters such as OASPL, PNL and EPNL are presented for the full operating 
cycle time; more detailed comparisons of spectra and directivity are presented 
at the primary cycle points of takeoff, intermediate and cutback. 

An additional diagnostic measurements data base was acquired on select 
configurations/test points in the forms of a) laser velocimeter (LV) mean and 
turbulent velocity plume surveys, b) shadowgraph-photographs, and c) P<> and T$ 
surface measurements on the suppressor chutes and within the ejector's inner 
flowpath. The LV measurements are used primarily to compare plume structure 
and decay rates among various configurations as an aid in understanding 
acoustic trends. The shadowgraph photography allowed for improved under- 
standing of shock-cell -noise contributions to total jet noise and its 
subsequent alternation through application of treatment to the plug surface 
and through ejector application. The P$ measurements on the suppressor surface 
allowed for estimating thrust degradation due to chute base drag, a primary 
thrust loss mechanism for mechanical suppressor nozzles. 

The scale model test configurations investigated ejector variables of a) 
hardwall ejectors application to a coannular nozzle with a 20-chute outer 
annular suppressor, b) ejector axial positioning, c) ejector length variation, 
d) extent of treatment application within the ejector system, i.e., treatment 
application to ejector surface only and treatment application to both ejector 
and plug surfaces, and e) treatment design through variation of acoustic 
impedance. Additionally, the baseline unejected coannul ar-suppressed nozzle was 
tested to reference its performance level to a previous similar suppressor 
system. Acoustic treatment was also applied to the plug surface of the base- 
line unejected coannul ar-suppressed nozzle to investigate a pseudo-porous plug 
concept's impact on potential shock noise alleviation. 
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Salient results from analysis of the measured data include: a) application 

of hardwall ejectors is significantly beneficial in reduction of both forward 
and aft quadrant noise, b) application of treatment to plug and ejector 
surfaces is additionally effective, primarily at forward and broadside acoustic 
angles and in the cutback to intermediate cycle range, c) the optimum treated 
ejector system added 5.5 AEPNL suppression to the baseline mechanically- 
suppressed nozzle at takeoff cycle, d) all ejector systems yielded high forward 
quadrant suppression, not previously experienced with non-ejector systems, e) 
axial location of the ejector is very significant, further aft location being 
both aerodynamical ly and acoustically superior, f) treatment design variation, 
within limits evaluated, was not critical to suppression, and g) treatment 
application to the plug surface of a non-ejector system was not effective in 
further reduction of shock noise. 

An existing computations methodology to predict ejector/ treatment 
suppression was refined to handle treatment on both the shroud and plug 
surfaces and to improve the modal propagation model, including effects of flow 
on mode cut-on-ratio. Comparisons of predicted and measured suppression levels 
show a) good agreement in frequency bands dominated by the mid-to-low frequency 
jet noise, b) the effect of hardwall shroud by itself is predicted very well, 
c) relative benefits of the long versus short ejectors and of treatment on the 
outer wall, only, versus on both walls, are predicted reasonably well, and d) 
at high frequencies a discrepancy occurred that is thought to stem from noise 
leakage out the gap between nozzle exit and ejector inlet, a flanking path. 
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2.0 INTRODUCTION 


Environmentally acceptable acoustics has been one of the major technical 
challenges to be met prior to the development of an Advanced Supersonic 
Transport (AST) by American industry. A dominant problem has been community 
jet noise associated with the propulsion system and more specifically the 
propulsion exhaust system. Traditionally, noise abatement schemes have been 
applied to exhaust systems with some success; however, the performance 
penalties previously associated with these schemes have been large and thus 
have not been economically viable for an AST application. Recent Contract 
NAS3-23038, sponsored by NASA-Lewis as the counterpart aerodynamic performance 
study to this program's acoustic effort, as well as this contracts work 
efforts, have offered the potential of accomplishing acoustic suppression with 
favorable trades on propulsion performance. The results of these works 
indicate that a superposition of three acoustic suppression schemes in a 
single exhaust system offers the potential to satisfy stringent noise goals 
with the potential for performance levels appropriate to the attainment of an 
economically feasible AST aircraft. 

The NAS3-23038 contract's final report, Reference 1, presented the 
results of design studies to identify important features for a viable 
aero/acoustic AST/VCE exhaust system plus scale model test results to 
investigate aerodynamic performance of the fully integrated ejector shroud 
system at the important flight points including takeoff, subsonic cruise, 
transonic cruise and supersonic cruise. This acoustic performance evaluation 
contract utilized the "takeoff" aerodynamic flow-line design of the NAS3-23038 
contract to evolve a base scale-model hot flow nozzle system around which 
important features were evaluated for impact on noise suppression. Acoustic 
treatment design, areas of treatment application, ejector length and ejector 
axial location were detail evaluated over an AST/VCE cycle line from subsonic 
exhaust nozzle operation to beyond takeoff cycle. Primary regions of 
investigation were the takeoff and community-cutback cycles. Results of this 
acoustic evaluation study are detail -presented herein. 

2.1 BACKGROUND 

Under NASA Contract NAS3-23038 (Reference 1), a two part program was 
conducted, consisting of a design study and a subscale model wind tunnel 
effort to define an exhaust system for supersonic transport application. In 
the design study three exhaust systems were evaluated, i.e., coannular, 
20-chute suppressor, and suppressor ejector shroud system. Study results were 
used in a mission analysis scenerio; aircraft takeoff gross weights were 
determined to perform a nominal design mission, constrained by Federal 
Aviation Regulation (1969) Part 36, Stage 3 noise requirements. Mission trade 
study results confirmed that the suppressor/ejector shroud design was the best 
of the three exhaust systems studied. This Advanced Supersonic Technology 
(AST) exhaust system, shown schematically in Figure 2-1 in takeoff mode and in 
Figure 2-2 in supersonic cruise model, is documented in Reference 2. In the 
subscale model wind tunnel test program, this AST exhaust system was used as 
the base for model design, developing a .123 scaled version of the full scale 
study nozzle. In this report's contract effort the AST exhaust system in 
takeoff mode was modeled in a .135 scaled version of the same full scale study 
nozzle. It was then subjected to extensive acoustic and diagnostic test 
efforts within the General Electric, Evendale Anechoic Free-Jet Facility. 
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Outer Structure 



Closed Ejector Inlet 



FIGURE 2-2 20-CHUTE SUPPRESSOR EJECTOR SHROUD NOZZLE (SUPERSONIC CRUISE MODE) 



The AST exhaust system is a high radius ratio plug nozzle with a fixed 
primary nozzle cowl and a translating center plug nozzle. A translating outer 
shroud adjusts the exit area ratio for high performance throughout the 
pressure ratio range. The outer shroud inner surface is contoured to closely 
match the primary throat area requirements at the more important operating 
points. The translating center plug nozzle exhausts the excess bypass airflow 
that cannot flow through the primary nozzle throat. During noise suppression/ 
takeoff, bypass flow is ducted from the outer fan passage through eight 
strut-ducts into the plug beam and then to the center plug nozzle. This 
arrangement, along with the high radius ratio primary nozzle, provides the 
characteristic inverted-jet-velocity-profile coannular suppression. 

Additional suppression is obtained by deploying 20 chutes in the outer stream 
during suppressed-takeoff operation. Still higher suppression is obtained by 
shrouding the nozzle discharge with ejected ambient air using a mechanical 
shroud and lining the shroud and plug surfaces with sound absorbing material. 
The ejector shroud is attached to the aft end of the translating shroud. For 
unsuppressed operation, most of the bypass air is mixed with the core stream, 
the suppressor chutes are stowed in the nozzle plug outer surface, and the 
ejector inlet is closed for high internal performance. The ejector shroud is 
made of variable area flaps and seals so that the required expansion ratio for 
good performance can be met throughout the wide pressure ratio operating range. 

The exhaust system includes a cascade type thrust reverser. The thrust 
reverser cascades are attached to the forward end of the translating outer 
shroud. When the shroud is fully extended, the cascades are exposed on the 
outside and inside and a shroud mounted door assembly is expanded to contract 
the fixed plug crown to block the flow through the primary nozzle. The 
cascades occupy three quarters of the circumference, but may be positioned in 
the total circumference if the reverser discharge efflux can be controlled to 
prevent airframe impingement and engine reingestion. A low temperature rise 
augmentor is used in the exhaust system to provide augmented thrust during 
acceleration. 

The following sections discuss details of the design study nozzle's 
individual components plus operational characteristics in the suppressed- 
takeoff mode. 

Translating Outer Shroud 

The outer shroud is a cyl indrically shaped fabrication made up of matched 
rings, sheet metal rolled rings and honeycomb. The aft end is shaped to 
provide a path for ambient airflow ventilation of the backside of the 
suppressor chutes. Twelve reverser blocker doors are contained in a cavity 
near the middle of the cylinder. The thrust reverser cascade boxes are 
located near the forward end of the shroud. They occupy 270° of the 
circumference and can be arranged in any desired circumferential location to 
prevent a) exhaust gas impingement on the aircraft and/or b) engine hot gas 
reingestion. The forward end of the shroud supports the linkage which drives 
the reverser blocker doors. The inner liner of the shroud provides convective 
cooling for the shroud inner surface to the end of the liner and film cooling 
beyond the end of the liner. The aft cavity of the shroud contains the 
support and positioning system for the ejector shroud. 
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Ejector Shroud 


The ejector shroud Is composed of a flap support ring forming the aft 
surface of the ejector Inlet and containing the flap actuators, 20 variable 
area flaps, 10 support beams and an actuating ring housed In the aft cavity of 
the translating outer shroud. The forward outer end of the flap support ring 
contains the seal for the ejector Inlet In the Inlet closed position. The 
Inner surface of the support ring contains 20 chute-inlet cavity fillers to 
provide a continuous Inner flowpath when the Inlet Is closed. The flaps are 
conventional sheet metal fabrication and incorporate sound absorption panels 
on the inner surface of the flaps. The sound absorption panels are 
constructed similar to honeycomb with the chambers vented to the Inner 
flowpath. 

Outer Cowl 


The outer cowl provides the outer flow surface between the aft end for 
the aircraft nacelle and the translating shroud. It also retains the cowl to 
shroud seal at the aft end and thus functions as the outer container wall for 
the bypass cooling air for the shroud liner. 

Outer Structure 


The outer structure Is a cylindrical structure with a bulkhead at the 
forward end and a stiffening ring at the aft end. The outer forward end of 
the bulkhead has a step to provide for the nacelle-exhaust nozzle interface. 
The aft ring contains the inner shroud seal to separate the shroud cooling air 
from the main stream. Two sets of longitudinal tracks are contained in the 
cylindrical portion of the outer structure. One set of four tracks support 
the outer shroud. The other set of twelve tracks provide for positioning of 
the reverser blocker doors. 

Strut Structure 


The strut structure is composed of eight pairs of radial beams (slanted 
60° to the engine centerline) joined by outer and inner circumferential 
rings. The forward outer ring is joined through vanes in the bypass stream to 
the bypass duct outer spacer ring. The supporting loads for the inner nozzle 
are thus transferred to the engine outer bypass duct through radial beams and 
strut sidewalls for the bypass air duct. Upper and lower cylindrical surfaces 
between struts form the boundary for the core engine airflow passage, and the 
upper surface supports the VABI doors. This strut structure is encased with 
cooling air liners that blend with the turbine frame liner to form continuous 
struts from the turbine frame entrance to the bypass strut exit. A portion of 
the liner is sound absorbing material. 

VABI Doors 


Twenty-four Variable Area Bypass Injector Doors, in sets of three between 
each of the eight struts, are hinged to the forward outer part of the strut 
structure. One power hinge per set of three doors maintains the VABI door 
position. The doors are conventional sheet metal structure with sound 
absorbing panels on the core flowpath side. 
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Outer Plug Structure 


The outer plug structure is composed of welded sheet metal and machined 
rings to form the core flow inner flowpath. It is supported at the forward 
end by the strut structure aft inner ring. The aft end ring forms the outer 
flowpath of the inner nozzle. This structure also contains the suppressor 
chutes and their actuation mechanism. 

Inner Plug Structure 

The inner plug structure consists of a truss support attached at the 
forward end of the strut structure aft inner ring, a mid ring that supports an 
aft stiffened cylinder which in turn supports the four sets of guide rollers, 
and the actuator for the translating plug. 

Translating Plug 

The translating inner plug is composed of welded sheet metal and machined 
rings stiffened at the forward end with honeycomb and containing a honeycomb 
type sound absorption covering cone. Thus, the inner bypass flowpath 
contributes to the jet noise suppression. The inner plug is supported by four 
sets of guide tracks that engage the guide rollers on the plug structure. 

Suppressor Chutes 

Twenty suppressor chutes are mounted in the outer plug structure. Each 
chute is supported by a link and a set of two rollers engaging tracks attached 
to the plug. The chute construction can be sheet metal or cast. The 1.75 
nozzle-to-base area ratio suppressor allows a lightweight simple stowed 
position arrangement that does not require a cover door and a cover door 
actuation system. The chutes are retracted into cavities on the outer plug 
surface such that they blend with the plug outer contour to form the inner 
flowpath of the outer stream. 

Suppressor Takeoff Operating Mode 

The suppressor chutes are deployed and the translating outer shroud is 
positioned to mate with the chute outer edges. The translating shroud forms 
the outer flowpath of the high pressure outer stream, and the outer nozzle 
throat is formed between chutes at their aft edges. The ejector shroud is 
translated aft relative to the translating shroud to enable ejector ambient 
air induction and allow mixing of ambient air and the outer stream discharge 
from the suppressor chutes. The ejector flaps are positioned to match the 
full expansion area requirement of the mixed ambient air, outer stream and 
inner stream. Most of the bypass air flows from the bypass duct through the 
eight struts to the inner annulus and then exhausts through the open-positioned 
inner plug nozzle. Some of the bypass flow passes through the twenty- four 
Variable Area Bypass Injector (VABI ) doors and is mixed with core flow. This 
feature allows the engine to be operated efficiently with the limited 
variation in the outer nozzle throat area. 

For use within this test program, the above described design study nozzle 
was developed into a basic model exhaust system. Variations of the full scale 
ejector positioning and length, as well as treatment design and areas of 
application, were exercised. Details of this scale model hardware system are 
discussed in Section 3.2, "Scale Model Test Hardware". 
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3.0 EXPERIMENTAL PROGRAM 


All of the acoustic and diagnostic tests of this program were conducted 
in the General Electric Anechoic Free-Jet Facility located in Evendale, Ohio. 
Brief descriptions of the facility, data acquisition and data reduction 
procedures are presented in Section 3.1. Detailed descriptions of the 
facility plus acoustic data acquisition, reduction and flight transformation 
procedures are provided in this contracts comprehensive data report. Reference 
3. Section 3.2 detail defines the ten model test configurations, method of 
acoustic treatment application and aerodynamic Ps and Ts instrumentation. It 
also presents the methodology adopted to systematically evaluate parameters 
which impact acoustic performance, describing the chronology of test 
configurations needed to "on-line" select optimum design parameters. Further 
details of treatment development can be found in Reference 4, also included as 
part of this reports comprehensive data report. 

Tabulations that summarize the aerodynamic flow conditions and extent of 
tests conducted for the acoustic, laser velocimeter, shadowgraph-photograph 
and aerodynamic Ps/Ts investigations are provided in Section 3.3. Measured 
acoustic and diagnostic data are reported in detail in the comprehensive data 
report. 

3.1 TEST F ACILITY, DATA ACQUISITION AND REDUCTION SYSTEMS, DIAGNOSTIC TEST 

APPARATUS 

3.1.1 Anechoic Free-Jet Facility 

The General Electric, Evendale, Anechoic Free-Jet Facility, schematically 
shown in Figure 3-1, is a cylindrical chamber 13.1 meters (43 feet) in 
diameter and 21.95 meters (72 feet) high. The inner surfaces of the chamber 
are lined with anechoic wedges made of fiberglass wool to yield a low 
frequency cutoff below 220 Hz and an absorption coefficient of 0.99 above 220 
Hz. Descriptions and results of the tests conducted in order to determine the 
acoustic characteristics of the anechoic chamber (such as inverse square law 
tests) and the mean velocity and turbulence intensity distributions in the 
free jet are presented in Reference 5. 

The facilitity can accommodate model configurations up to a size of 17.3 
cm (6.8 inch) in equivalent flow diameter. The required streams of heated air 
for a dual -flow arrangement, produced by two separate burners, flow through 
silencers and plenum chambers before entering the test nozzle. 

The tertiary air system consists of a 250,000 scfm (50 inches water 
column static pressure) fan and a 3,500-hp electric motor. The transition 
duct work and silencer route the air from the fan discharge to the tertiary 
silencer plenum chamber. The air is then discharged through the 1.2-m (48 
inch) free-jet exhaust. Tertiary flow at its maximum permits simulation up to 
a Mach number of 0.41. Mach number variation is obtained by changing the 
tertiary airflow rate achieved by adjusting the fan inlet vanes. The combined 
airflow is exhausted through a "T" stack directly over the nozzles in the 
ceiling of the chamber. 
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3.1.2 Aerodynamic Data Acquisition and Reduction Procedures 


Facility Operational Method 

The facility operating parameters are monitored during testing at the 
control console to a) ensure that prescribed facility limits are not exceeded, 
and b) set the test-point conditions. 

The core and fan discharge pressures are measured on rakes at the 
metering station and are used for setting the desired nozzle pressure ratios. 
These parameters also are routed through the Dymec scanning system and 
recorded along with nozzle performance data by the aerodynamic data management 
(DMS) system. 

Facility temperatures are monitored at the control console using a Doric 
multichannel temperature indicator. The unit has a 24-channel capability and 
is designed for use with Type K thermocouples (chromel-alumel ). It is used 
for safety monitoring and setting test-point temperatures for the dual -flow 
system. A system schematic is shown in Figure 3-2. 

Nozzle Pressure and Temperature Measurement 

A critical parameter used in evaluating acoustic test results is nozzle 
exhaust velocity. Determination of this velocity depends on an accurate 
measurement of the exhaust temperature and pressure which, in turn, depends on 
adequate sampling across the stream to account for profile effects. Special 
multi -element rakes have been designed for use on the dual flow systems. The 
system uses four rakes, two on each stream, each having three pressure and 
three temperature elements with spacing of the elements corresponding to 
centers of six equal area annular segments of the flow stream. These rakes 
use shielded Type K thermocouples (chromel-alumel) which have a recovery 
factor very close to unity. 

Pressure measurement accuracy is controlled by the accuracy of the 
transducer used for the measurement. The scani valve transducers that are used 
are rated 0.1% of full-scale range. 

Performance Data Processing 

Aerodynamic parameters are calculated based on the acquired temperature 
and pressure information. The input information for nozzle performance 
consists of ambient pressure (P a mb)» nozzle discharge total temperature (Ty), 
and nozzle total pressure ( P j) . For the case of dual flow and tertiary flow, 
similar parameters are required for each stream. 

Output of the processing program consists of tabulations of the 
individual input parameters with their identification, averages of similar 
parameters (e.g., Py rake average), and calculated parameters such as flow 
rates, Mach number, ideal velocity, and ideal thrust. 

3.1.3 Acoustic Data Acquisition and Reduction Procedures 

A flow chart of the acoustic data acquisition and reduction system is 
shown in Figure 3-3. This system has been optimized for obtaining the 
acoustic data up to the 80 kHz 1 /3-octave-band center frequency. The 
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FIGURE 3-2. GENERAL ELECTRIC ANECHOIC CHAMBER AERODYNAMIC 
DATA PROCESSING SYSTEM. 
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* Input File - Model Size - 40 ft Arc - Standard Day Corrected 
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* Flight Transformed File 
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FIGURE 3-3. ACOUSTIC DATA ACQUISITION AND REDUCTION SYSTEM. 
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microphones used to obtain 80 kHz data are the B&K 4135, 0.64 cm (1/4 inch), 
condenser microphones with the microphone grid caps removed to obtain the best 
frequency response. The cathode followers used in the chamber are transistor- 
ized B&K 2619 for optimum frequency response and lower inherent system noise 
characteristics. All systems utilize the B&K 2801 power supply operated in 
the direct mode. 

The output of the power supply is connected to a line driver adding 10 dB 
of amplification to the signal as well as adding "preemphasis" to the high 
frequency portion of the spectrum. The net effect of this amplifier is a 10 
dB gain at a'l frequencies, plus an addition 3 dB at 40 kHz and 6 dB at 80 kHz 
due to pre-emphasis. This increases the ability to measure low amplitude, 
high frequency data. In order to remove low frequency noise, high pass 
filters with attenuations of approximately 26 dB at 12.5 Hz, decreasing to 0 
dB at 200 Hz, are installed in the system. 

The tape recorder amplifiers have a variable gain from -10 dB to +60 dB 
in 10 dB steps and a gain trim capability for normalizing incoming signals. 

High pass filters are incorporated in the acoustic data acquisition systems 
for microphones from 110° to 160° to enhance high frequency data otherwise 
potentially lost in the tape recorder electronic noise floor. The microphone 
signal below the 20-Hz 1 /3-octave band is filtered out, and the gain is 
increased to boost the "signal-to-noise" ratio of the remaining high frequency 
signal. For microphones from 110° to 160°, both the filtered and unfiltered 
signals are recorded on tape. The sound pressure levels for frequencies below 
20 kHz are obtained using the unfiltered signal; above 20 kHz the filtered and 
de-emphasized signal is used. The final jet noise spectra at a given angle is 
obtained by computationally merging these two spectra. 

The prime system used for recording acoustic data is a Sangamo/Sabre IV, 
28-track FM recorder. The system is set up for wide band Group I 
(intermediate band double extended) at 120-ips tape speed. Operating at 
1 20-^5 tape speed provides the improved dynamic range necessary for obtaining 
the high frequency/low amplitude portion of the acoustic signal. The tape 
recorder is set up for + 40% carrier deviation with a recording level of 8 
volts peak-to-peak. During recording, the signal gain is adjusted to maximum 
without exceeding the 8 volt peak-to-peak level. 

Individual monitor scopes are used for observing signal characteristics 
during operation. On-line data monitoring is available through a Rockland 
narrowband analyzer or a General Radio 1921 1 /3-octave analyzer with their 
outputs on display scopes or hard copy through a Tektronic plotter. 

Standard data reduction is conducted in the General Electric AEBG Instru- 
mentation Data Room (IDR). The analog data tapes are played back on a CDC3700B 
tape deck with electronics capable of reproducing signal characteristics within 
the specifications indicated for wide band Groups I and II. An automatic 
shuttling control is incorporated in the system. In normal operation, a tone 
is inserted on the recorder in the time slot designed for data analysis. Tape 
control automatically shuttles the tape, initiating an integration start signal 
to the analyzer at the tone as the tape moves in its forward motion. This 
motion continues until an "integration complete" is received from the analyzer 
at which time the tape direction is reversed and the tape restarts at the tone 
in the forward direction, advancing to the next channel to be analyzed until 
all the channels have been processed. A time code generator is also utilized 
to signal the tape position of the readings as directed by the computer 
program control. After each total reading is completed, the tape is advanced 
to the next reading. 
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All 1/3-octave analyses are performed on a General Radio 1921 analyzer. 
Normal Integration time is set for 32 seconds to ensure good integration for 
the low frequency content. The analyzer has 1 /3-octave filter sets from 12.5 
Hz to 100 kHz with a rated accuracy of + 1/4 dB in each band. Each data 
channel is passed through an interface to the GEPAC 30 computer where the data 
are corrected for microphone frequency response. Also, the data are corrected 
to standard day (59° F, 70% RH) atmospheric attenuation conditions using the 
Shields and Bass model (Reference 6) and then processed to calculate the 
perceived noise level and overall sound pressure level from the spectra. For 
calculation of the acoustic power, or scaling to other nozzle sizes, or extra- 
polation to different farfield distances, the data are sent to the Honeywell 
6000 computer for data processing. This step is accomplished by transmitting 
the SPL's through a direct time-share link to the 6000 computer through a 1200 
Band Modem. In the 6000 computer, the data are processed through the Flight- 
Transformed Full-Scale Data Reduction (FTFSDR) program where the appropriate 
calculations are performed. The data printout is accomplished on a high-speed 
“remote" terminal. 

The detailed FTFSDR program flow chart is shown in Figure 3-4. The 
as-measured data are first extrapolated from the measured distance to a common 
40 foot arc. This is accomplished by subtracting both the distance correction 
that is, 20 log (40-foot distance/measured distance) and the atmospheric 
attenuation correction over the measured distance R 0 bs» where R 0 t, s is measured 
in feet. The Shields and Bass Pure Tone Method (Reference 6) is used for all 
atmospheric attenuation corrections. The data are then coverted to standard 
day at the 40-foot arc location by adding in the standard day correction. The 
data are printed in tabulated form for SPL, OASPL, and PWL (for full sphere 
and based on the lossless data). For this program, scale model data below the 
chamber cutoff frequency are ignored, data are presented for 250 Hz and above, 
model size. 

The scale model simulated- flight data are corrected next for background 
noise using the background noise spectra obtained with the tertiary jet at the 
required simulated flight velocity. The corrected scale model data are 
processed next through a flight transformation procedure to obtain results 
that are representative of the noise produced in actual flight. In addition, 
the FTFSDR program writes a magnetic tape for computer plotting of the data 
used in the course of data analyses of the test results. 

3.1.4 Laser Velocimeter System 

The laser velocimeter (LV) available for use during this program is a 
system developed under a USAF/DOT-sponsored program and reported in detail in 
Reference 7. The basic optics system is a differential doppler, backscatter, 
single-package arrangement that has the proven feature of ruggedness for the 
severe environments encountered in close proximity to high velocity, high 
temperature jets. Figure 3-5 shows a photograph of the LV system in the 
General Electric Anechoic Test Facility. The dimensions of the control volume 
are 0.636 cm (0.25 inch) for the major axis and 0.518 cm (0.020 inch) for the 
minor axis. The range of the LV control volume from the laser hardware is 
2.16 m (85.0 inches). The three steering mirrors and the beam splitter are 
mounted on adjustable supports, all of the same aluminum alloy, which 
minimizes temperature-alignment problems. 

Details of the LV system are included in Appendix B of this report. 
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OASPLS( Based on 250 to 80 kHz) 
OAPWL (Full Sphere) 
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FLIGHT TRANSFORMATION 
R. Man! Program (Modified) 
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BACKROUND CORRECTION 

Subtracts Backround Noise Due to Tertiary Flow 
At Each Velocity 




PRINTOUT 

Computer Printout of Scaled Size Acoustic Data At Standard Day 
at Selected Sideline Distances 
Prints • SPL 

• 0ASPL 
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• PVL( Based on Full Sphere) 

♦ Uses Shields and Bass Pure Tone Correction 


FIGURE 3-4. ACOUSTIC DATA PROCESSING FLOW CHART. 
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FIGURE 3-5. A PHOTOGRAPH SHOWING THE LASER VELOCIMETER SYSTEM AND A TEST NOZZLE ASSEMBLY 
FOR PLUME SURVEY IN THE ANECHOIC FACILITY. 



3.1.5 Diagnostic Shadowgraph System 

A shadowgraph system, illustrated in Figure 3-6, has been employed in the 
anechoic free-jet facility to accomplish flow visualization and 
documentation. The system includes: 

o A mounting in close proximity to the free jet nozzle for good resolution 

o A steady-state light system 

o A 10-inch-diameter mirror system to collimate the light through the 
test volume 

o A backdrop screen of sufficient size to encompass the total test section 

o A mounting platform for the light source, mirror, and camera system so 
as to control remotely and record the position of the shadowgraph 
system for an approximate 3-foot vertical plume definition. 

3.2 SCALE MODEL TEST HARDWARE 

3.2.1 Suppressor-Ejector Model Definition: Configurations TE-1 to TE-10 

The AST exhaust system of Figures 2-1 and 2-2 was modeled (.123 scale 
factor) within Contract NAS3-23038 (Reference 1) for wind tunnel aerodynamic 
performance testing. Within this program's effort, the Figure 2-1 takeoff 
mode system was modeled (.135 scale factor) for evaluation of acoustic 
peformance. The basic acoustic model suppressor-ejector system layout is 
shown in Figure 3-7. It essentially duplicates the full scale study nozzle, 
is a 1.093 scaled version of the aerodynamic model, and consists of a) a 
coannul ar inverted-velocity-profile plug nozzle with 20-shallow chute outer 
stream suppressor, b) an acoustically treated center plug, and c) an 
acoustically treated ejector system. Geometric variables identified to 
potentially influence acoustic performance were: 

o Ejector length 
o Ejector axial location 
o Treatment design 
o Extent of treatment application 

To study these variables within the model hardware system, variations 
were introduced in the hardware geometry, per Figure 3-8. Specific variables 
and extent of variation allowed for acoustic study were: 

o Ejector axial location: SI = nominal, S2 = extended 

o Treatment design: T1 = high density, T2 = low density 

o Ejector length: LI = nominal, L2 = extended 

o Treatment application extent: 

- Fully treated on ejector and plug surfaces 

- Treated ejector surface only 

- Hardwalls, no treatment 

Details of these design variables will be discussed in later text. 
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FIGURE 3-6. SCHEMATIC ARRANGEMENT OF THE SHADOWGRAPH SYSTEM IN THE ANECHOIC 
JET FACILITY. 
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FIGURE 3-7 BASIC SUPPRESSOR/EJECTOR SYSTEM LAYOUT SHOWING NOMINAL LENGTH 
TREATED EJECTOR AND TREATED PLUG 
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b) Supplemental Assembly, Extended Length Treated Ejector, Treated Plug 



c) Supplemental Assembly, Extended Length Treated Ejector, Hardwall Plug 


FIGURE 3-8 SUPPLEMENTAL SUPPRESSOR/EJECTOR SYSTEM LAYOUTS SHOWING EJECTOR 
AND PLUG VARIATIONS 
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To systematically study the influence of these variations, ten test 
models were selected, defined as follows: 

Configuration TE-1 : Baseline Coannul ar Inverted-Velocity - Profile Plug 

Nozzle with 20- Shallow Chute Outer Stream 
Suppressor, Hardwall Plug and No Ejector; Figure 
3-9. 

Configuration TE-2: Baseline Nozzle with Hardwall Plug and with 

Hardwall Ejector of Nominal Length, LI, at Extended 
Spacing, S2; Figure 3-10. 

Configuration TE-3: Baseline Nozzle with Hardwall Plug and with Treated 

Ejector, T2, of Nominal Length, LI, at Extended 
Spacing, S2; Figure 3-11. 

Configuration TE-4: Baseline Nozzle with Treated Plug, T2, and Treated 

Ejector, T2, of Nominal Length, LI, at Extended 
Spacing, S2; Figure 3-12. 

Configuration TE-5: Baseline Nozzle with Treated Plug, T1 , and Treated 

Ejector, T1 , of Nominal Length, LI, at Nominal 
Spacing, SI; Figure 3-13. 

Configuration TE-6: Baseline Nozzle with Treated Plug, T2, No Ejector; 

Figure 3-14. 

Configuration TE-7: Baseline Nozzle with Hardwall Plug and with Treated 

Ejector, T2, of Extended Length, L2, at Extended 
Spacing, S2; Figure 3-15. 

Configuration TE-8: Baseline Nozzle with Treated Plug, T2, and with 

Treated Ejector, T2, of Extended Length, L2, at 
Extended Spacing, S2; Figure 3-16. 

Configuration TE-9: Baseline Nozzle with Treated Plug, T1 , and with 

Treated Ejector, T1 , of Nominal Length, LI, at 
Extended Spacing, S2; Figure 3-17. 

Configuration TE-10: Baseline Nozzle with Hardwall Plug and with 

Hardwall Ejector of Extended Length, L2, at 
Extended Spacing, S2; Figure 3-18. 

Figures 3-19 and 3-20 photos show the baseline Configuration TE-1 details 
and as-mounted in the Anechoic Test Facility, respectively. Figure 3-21 photo 
shows the details of Configuration TE-6 with application of treatment to the 
plug surface. Photos of the full suppressor-ejector system assembly, as 
mounted in the Anechoic Test Facility, are shown in Figures 3-22 
through 3-24. 

In order to systematically evaluate parameters which impact acoustic 
peformance, a chronology of test configurations was developed, per Figure 
3-25. The methodology of comparisons evolved as follows: 
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FIGURE 3-9 CONFIGURATION TE-1; BASELINE COANNULAR INVERTED-VELOCITY-PROFILE 
PLUG NOZZLE WITH 20-SHALLOW CHUTE OUTER STREAM SUPPRESSOR, 
HARDWALL PLUG AND NO EJECTOR 



12 . 59 " 


FIGURE 3-10 CONFIGURATION TE-2; BASELINE NOZZLE WITH HARDWALL PLUG AND 
WITH HARDWALL EJECTOR OF NOMINAL LENGTH, LI, AT EXTENDED 
SPACING, S2 
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FIGURE 3-11 CONFIGURATION TE-3; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH 

TREATED EJECTOR, T2, OF NOMINAL LENGTH, LI, AT EXTENDED SPACING, S2 
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FIGURE 3-12 CONFIGURATION TE-4; BASELINE NOZZLE WITH TREATED PLUG, T2, AND 

TREATED EJECTOR, T2, OF NOMINAL LENGTH, LI, AT EXTENDED SPACING, S2 
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FIGURE 3-13 CONFIGURATION TE-5; BASELINE NOZZLE WITH TREATED PLUG, Tl, AND 

TREATED EJECTOR, Tl, OF NOMINAL LENGTH, LI, AT NOMINAL SPACING, SI 
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FIGURE 3-14 CONFIGURATION TE-6; BASELINE NOZZLE WITH TREATED PLUG, T2; 
NO EJECTOR 
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FIGURE 3-15 


CONFIGURATION TE-7; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH 
TREATED EJECTOR, T2, OF EXTENDED LENGTH, L2, AT EXTENDED SPACING, S2 
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"T2" TREATMENT DESIGN 
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FIGURE 3-16 CONFIGURATION TE-8; BASELINE NOZZLE WITH TREATED PLUG, T2, AND 
WITH TREATED EJECTOR, T2, OF EXTENDED LENGTH, L2, AT EXTENDED 
SPACING, S2 








FIGURE 3-17 CONFIGURATION TE-9; BASELINE NOZZLE WITH TREATED PLUG, Tl, 
AND WITH TREATED EJECTOR, Tl, OF NOMINAL LENGTH, LI, AT 
EXTENDED SPACING, S2 
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FIGURE 3- 


12 . 59 " 


8 CONFIGURATION TE-10; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH 
HARDWALL EJECTOR OF EXTENDED LENGTH, L2, AT EXTENDED SPACING, S2 
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FIGURE 3-20. CONFIGURATION TE-1 ASSEMBLY AS-MOUNTED IN THE ANECHOIC FREE 

JET FACILITY 
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FIGURE 3-23. TYPICAL SUPPRESSOR-EJECTOR MODEL INSTALLATION WITHIN THE ANECHOIC FREE-JET FACILITY 
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FTfillRF T-?4. TYPICAL SUPPRESSOR-EJECTOR MODEL INSTALLATION WITHIN THE ANECHOIC FREE-JET FACILITY 
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Configuration TE-1 , Baseline nozzle system to which all ejector/ 
treatment systems would be referenced. This configuration is somewhat 
similar to previous Configuration 10.1 of NASA-GE study Contract 
NAS3-21608 (Reference 8). 

o Configuration TE-6, in comparison to Configuration TE-1 would study 
the potential influence of a softwall plug on alleviation of 
shock-cell strength and subsequent shock related noise. 

o Configurations TE-5 and TE-9 would optimize ejector axial positioning 
between SI and S2. The SI ejector setback distance is compatible with 
the full scale design value of 11.0" (1.484" model scale). The S2 
position (18.5" full scale and 2.496" model scale) was that found 
optimum among the positions tested for aerodynamic performance while 
at takeoff cycle pressure ratio (Reference 1). The S2 position was 
judged acoustically more favorable from on-line acoustic data during 
test, and, therefore, maintained for all subsequent test 
configurations. 

o Configurations TE-9 and TE-4 would optimize treatment performance 
between T1 and T2 designs. The treatment designs are documented in 
detail within Reference 4, appended within Volume II of this program's 
comprehensive data report. The T2 design was judged acoustically more 
favorable from on-line acoustic data during test, and, therefore, 
maintained for all subsequent test configurations. 

o Series TE-4, TE-3 and TE-2 would allow systematic evaluation of 
treatment extent-of-appli cation, from fully treated to no treatment 
hardwall surfaces, within the nominal length, LI, ejector system. The 
nominal length ejector was scaled directly from the full-scale design 
of Reference 2 and allowed for acoustic treatment application over 
approximately 70% of the ejector flap length. 

o Series TE-8, TE-7 and TE-10 would allow similar evaluation within he 
extended length, L2, ejector system. This ejector applies treatment 
to a length equivalent to that of the full flap length of the nominal 
length ejector system. The additional untreated closure length is 
similar to that of the nominal length ejector. 

o Configurations TE-2 and TE-10 relative to TE-1 would allow evaluation 
of hardwall ejector system to the baseline suppressor/coannular nozzle 
system. 

3. 2. 1.1 Baseline Nozzle System 

The baseline nozzle system, per Figure 3-19 schematic and photo, was a 
coannul ar inverted-velocity-profile plug nozzle with 20-shallow-chute outer 
stream suppressor (hardwall plug and no ejector). The nozzle "as-built" 
geometric parameters are as per Figure 3-19. Previous model studies on shock 
noise alleviation (References 9 and 10) indicated a sharp-tipped plug was 
beneficial in reducing shock strength and associated shock-cell noise. This 
plug-tip design was adopted in this study program's models, and, therefore, 
deviated from the full scale study nozzle of Figure 2-1. The model system, 
with A°fiow = 22 -75 in 2 and A^iow = 4.747 in 2 , was a .135 scaled version of 
the full scale study exhaust system. 
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3. 2. 1.2 Ejector Systems 

Two ejector systems, designated nominal length, LI, and extended length, 
L2, were designed and fabricated. The nominal length system, shown 
schematically as Influencing test configuration variations, In Figures 3-10, 
3-11, 3-12, 3-13 and 3-17 and photographically in Figures 3-26 and 3-27, was 
scaled directly from the full scale and aerodynamic scale-model systems 
(Reference 1 and 2 and Figure 2-1). The nominal length ejector Is 8.68" long 
model -scale and allows for acoustic treatment application over approximately 
70% of its flap length. The extended length ejector system Is shown 
schematically as influencing test configuration variations in Figures 3-15, 

3-16 and 3-18 and photographically in Figure 3-28. This ejector is 10.80" 
long model -scale and applies treatment to a length equivalent to that of the 
full flap length of the nominal length ejector system. The additional 
untreated closure length is similar to that of the nominal length ejector. 

The two ejector systems used a common ejector inlet ring (Figures 3-26 
and 3-28) and common (10) support rods (Figure 3-27) to mount the systems to 
the primary nozzle. The ejector rods had two fixed-location mounting points 
to accommodate the SI and S2 axial positions. Each ejector assembly had (10) 
treatment trays; (8) regular width (36° angular sector) and (2) narrower width 
(31.5° angular sector). The narrow trays allowed accommodation of P$ and T$ 
instrumentation bars within the ejector shells. Note that full defintion of 
all test hardware is available within the comprehensive data report. Volume 
II, Appendix B, "Model Hardware Design Documentation". All hardware 
manufacturing drawings are presented within that appendix. 

3.2.2 Acoustic Treatment Definition 

Acoustic treatment application within the ejector systems was accomplished 
through use of "packed" compartmentalized treatment trays, shown photographi- 
cally in Figure 3-29 for the nominal length ejector and in Figure 3-30 for the 
extended length ejector. The nominal length trays each had (4) compartments 
of approximately 1.1" length; the extended length trays each had (5) compart- 
ments of approximately 1.3" length. Compartmentalized trays, per Figure 3-31, 
were also used for acoustic treatment application to the plug surface. As 
defined in individual configuration sketches (Figures 3-10 through 3-18) and 
as summarized in Figure 3-32, the tray construction/treatment packing consisted 
of: 

o Perforated sheet faceplate of 37% porosity 

o .08" thick Retimet metal foam, 95% porous, trimmed to fit individual 
tray cavities; applied to protect the treatment from degradation due 
to flow turbulence 

o Astroquartz style 550 mat, packed to specifications of Figure 3-32. 

o Solid cover plates over each compartment 

Layers of the .2" thick Astroquartz blanket were applied and compressed 
within the cavities to attain the desired treatment density. Treatment design 
procedure and final selections are documented within Reference 4, TM 84-395; 
included within this program's CDR Volume II as Appendix C. 
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FIGURE 3-26. NOMINAL LENGTH EJECTOR ASSEMBLY, FWD-LOOKING-AFT 
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FIGURE 3-28. EXTENDED LENGTH EJECTOR ASSEMBLY, FWD-LOOKING-AFT 
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FIGURE 3-29. ACOUSTIC TREATMENT TRAYS FOR NOMINAL LENGTH EJECTOR, REGULAR AND NARROW WIDTH 
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FIGURE 3-30. ACOUSTIC TREATMENT TRAYS FOR EXTENDED LENGTH EJECTOR, REGULAR AND NARROW WIDTH 


















To convert the ejector internal flow surface to "hardwall", the trays 
were voided of Astroquartz and Retimet metal foam, fitted with hardwall 
inserts (see Figures 3-29 and 3-30), then reassembled with metal foam, 
acoustic treatment and the treatment retainers. The repacking assured 
compaction and retention of the hardwall inserts against the perforated 
faceplate. To "hardwall" the plug surface, the treatment trays were directly 
replaced with a hardwall plug sleeve, per Figure 3-33. 

3.2.3 Aerodynamic Ps and T$ Instrumentation 

Instrumentation for aerodynamic peformance and thermal environment 
evaluation was applied to various surfaces of the suppressor-ejector system. 
Primary purposes of application were: 

o Base pressure measurements for base drag estimation for the 20-Shallow 
chute suppressor. 

o Skin temperature measurements along the chute forward edge; to verify 
metal temperatures for mechanical design purposes. 

o Base pressure measurements along the ejector inlet lip and along the 
length of the ejector inner flowpath, for base drag estimation. 

o Skin temperature measurements along the length of the ejector inner 
flowpath, to document thermal environment for mechanical design of 
treatment trays. 

o Static temperature measurements within the packed treatment cavities 
to aid in treatment performance analysis. 

The instrumentation details are described as follows: 

On Primary Nozzle System 

Figure 3-34 schematically locates a) P$ taps Number 1 through 8 on the 
20-chute suppressor in the chute base region, b) T$ Item Numbers 9 and 10 on 
the chute metal surface, and c) P$ Tap Numbers 11 and 12 on the suppressor 
nozzle sleeve. Figure 3-35 photo shows instrumentation applied to the base 
region of the 20-chute suppressor. Figure 3-36 photo shows (2) P$ surface 
taps applied to the suppressor nozzle sleeve. 

On the Ejector Inlet Ring 

Figure 3-37 sketch and Figure 3-38 photo show Pc tap Number 13 's location 
on the ejector inlet ring, common to both the nominal and extended length 
ejector assemblies. 

Within the Nominal Length Ejector 

Figure 3-39 schematically locates P$ tap Item Numbers 14 through 21 along 
the ejector inner flowpath, T$ Item Numbers 22 through 27 along the same, and 
T$ Item Numbers 28 and 29 within the ejector tray Astroquartz material (after 
tray/shell assembly). The P$ and T$ instrumentation bars for the nominal 
length ejector are shown unassembled in Figure 3-40 and as applied to the 
ejector in Figures 3-41 and 3-42 for P$ and T$, respectively. The two taps 
within the nominal length ejector shell are shown in Figure 3-43 photo. 


49 



03 O 
OC 


ro 

e 

CL) 

4-J 

M 

* 

H 3 OO 
O CM 

,0 <f 

4-i I 
4-t CS1 

<tj T ( 

CO 
two CO 

a rH 

r-i O 
a, <f 


ORIGINAL PA3S.& 
OF POOR QUMJHT 


FIGURE 3-33. HARDWARE ITEMS FOR ASSEMBLY OF HARDWALL/TREATED CENTER PLUG 
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FIGURE 3-34 P s AND T s INSTRUMENTATION ON PRIMARY NOZZLE SYSTEM 
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FIGURE 3-35. INSTRUMENTATION APPLICATION TO 20-CHUTE NOZZLE ASSEMBLY 
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FIGURE 3-36. Ps INSTRUMENTATION APPLICATION TO THE SUPPRESSOR NOZZLE SLEEVE 
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FIGURE 3-38. Ps TAP APPLICATION TO THE EJECTOR INLET RING 






FIGURE 3-39 P $ AND T s INSTRUMENTATION WITHIN THE NOMINAL LENGTH EJECTOR 
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FIGURE 3-40. Ps AND Ts INSTRUMENTATION BARS FOR APPLICATION WITHIN THE NOMINAL LENGTH EJECTOR 
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FIGURE 3-41. INSTALLATION OF THE P s INSTRUMENTAION BAR WITHIN THE NOMINAL LENGTH EJECTOR ASSEMBLY 
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FIGURE 3-42. INSTALLATION OF THE T s INSTRUMENTATION BAR WITHIN THE NOMINAL LENGTH EJECTOR ASSEMBLY 
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FIGURE 3-43. T, INSTRUMENTATION APPLICATION TO THE NOMINAL LENGTH EJECTOR SHELL 


Within the Extended Length Ejector 


Figure 3-44 schematically locates Pc Item Numbers 30 through 37 along the 
ejector inner flowpath, T$ Item Numbers 38 through 43 along the same, and T$ 
Item Numbers 44 and 45 within the ejector tray Astroquartz material (after 
tray/shell assembly). The P$ and T$ instrumentation bars for the extended 
length ejector are shown unassembled in Figure 3-45 and as applied to the 
ejector in Figures 3-46 and 3-47 for Pc and T$, respectively. The two T$ taps 
within the extended length ejector shell are shown in Figure 3-48 photo. 

Measurements obtained during acoustic testing through use of this 
aerodynamic instrumentation are presented within this report's comprehensive 
data report, Volume II, Section 6.0, "Aerodynamic Static Pressure and Static 
Temperature Data Summary". 

3.3 ACOUSTIC AND DIAGNOSTIC TEST MATRICES 


A summary of the acoustic and diagnostic tests conducted with the ten 
model configurations is presented in this section. The acoustic test matrices 
are described in Section 3.3.1, the laser velocimeter tests within Section 
3.3.2, the shadowgraph diagnostic tests within Section 3.3.3, and the 
aerodynamic P$ and T S tests within Section 3.3.4. 

For detailed reduced test data, refer to this contract's comprehensive 
data report (CDR) as follows: 

o CDR Volume I Section 4.0 Acoustic Test Results 
o CDR Volume II Section 5.0 Laser Velocimeter Tests 
o CDR Volume II Section 6.0 Aerodynamic Static Pressure and Static 
Temperature Data Summary 
o CDR Volume II Section 7.0 Shadowgraph Tests 

3.3.1 Acoustic Test Matrices 

The aerodynamic flow conditions corresponding to the acoustic test points 
taken on each of the test configurations are tabulated in this section. An 
overview of the test program and details of cycle point selection are included 
in Section 3. 3. 1.1. Definition of variables used in data reduction and 
tabulation is discussed in Section 3. 3. 1.2. Section 3. 3. 1.3 presents the 
aerodynamic test conditions for the 10 individual test configurations, both in 
International (S.I.) Units and in English Units. 

3. 3. 1.1 Test Matrix Overview 

In total, 188 acoustic data points were acquired, distributed over 10 
scale model nozzle configurations; 87 points under static and 101 points under 
simulated flight conditions. These data points are summarized versus nominal 
cycle conditions and test configurations in Table 3-1. The table is presented 
in chronological order of test dates (Build Number 1 through 10), rather than 
in test configuration number numerical order. 

As a general guide, typical Advanced Supersonic Technology/Variable Cycle 
Engine (AST/VCE) cycle conditions for a product GE-21 engine were used in 
planning the inner and outer stream flow conditions, for a major portion of 
the test points. The engine operating line was developed utilizing cycle 
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a) Extended Length Ejector Assembly 




FIGURE 3-44 Ps AND Ts INSTRUMENTATION WITHIN THE EXTENDED LENGTH EJECTOR 
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FIGURE 3-46. INSTALLATION OF THE P s INSTRUMENTATION BAR WITHIN THE EXTENDED LENGTH EJECTOR ASSEMBLY 





FIGURE 3-47. INSTALLATION OF THE Ts INSTRUMENTATION BAR WITHIN THE EXTENDED LENGTH EJECTOR ASSEMBLY 









FIGURE 3-48. Ts INSTRUMENTATION APPLICATION TO THE EXTENDED LENGTH EJECTOR SHELL 
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information from preliminary design studies with AST/VCE applications, 
tempered by facility operating limits. Comparisons of the select test point 
aerodynamic conditions to those of the GE-21 engine cycle are made in Figures 
3-49 and 3-50. Table 3-1 1 s test points 1 through 12 can be categorized as 
follows: 

o Test Point Numbers 1, 2, 3, 5, 6 and 9 - Cycle line points 

representative of GE-21 operation, tempered at high Tj operation by 
facility limits; refer to Figures 3-49 and 3-50. 

o Test Point Numbers 4 and 7 - Similar to cycle line points 3 and 6 at 
intermediate and takeoff, respectively, but with Tj° = 870°R. These 
points are at outer stream Mach numbers equivalent to the hot flow 
case, but at low Tj° to study the effect of shock noise while 
generating lower jet mixing noise. These low temperature points are 
also used for shadowgraph plume studies where stream density variations 
are more readily documented photographically. 

o Test Point Number 8 - Outer stream at takeoff cycle, inner stream at 
subsonic P r ; to study the effect of subsonic inner flow on shock of the 
supersonic outer stream. 

o Test Point Numbers 10 and 11 - Outer stream similar to cycle points 2 
and 6 at cutback and takeoff, respectively, however, with inner nozzle 
flow completely shut off. 

o Test Point Number 12 - Free stream at either 200 or 400 ft/sec for 
measurement of background noise levels of the free-jet facility. Inner 
and outer nozzles are also set a similar 200 or 400 ft/ sec velocity so 
that no abrupt velocity changes are seen in the vicinity of the nozzle 
exists. 

The majority of the above test conditions were acquired at both static and 
simulated flight velocity of 400 ft/sec. Cutback and takeoff points were also 
selectively acquired at 200 ft/sec simulated flight velocity to investigate 
forward flight effects on noise generation and base drag of the suppressor. 

3. 3. 1.2 Definition of Variables 


The presented variables are defined in Table 3-2. Sample sheets 
specifying the variables listed in the tables that summarize the aerodynamic 
flow conditions are presented in Tables 3-3 and 3-4. In addition to the inner 
and outer stream flow parameters, the tabulated data contain the mixed stream 
conditions that were calculated after assuming that the two streams were mixed 
perfectly. The mixed stream velocity ( Vj m i x ) and the mixed stream total 
temperature (Tj mix ) were calculated using the following expressions: 


V® ♦ V* M 1 


From the known mixed stream velocity and total temperature, other mixed 
flow parameters have been calculated by using standard isentropic relations. 
The ambient pressure and temperature, along with the relative humidity in the 
GE Anechoic Facility at the time of the test, are presented in these tables. 
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TABLE 3-2. DEFINITION OF SYMBOLS USED IN AERODYNAMIC DATA TABLES 


F 


^ref 

LVM 

LBM 


M 

NF 


OAPWL 

p amb 

PNL 

p r 

RH 

Tamb 

He 


w 

00 


Total thrust; lbs, N 
Reference thrust; 22,820 N (5130 lb) 
Defined as 10 log (Vj"J 1x /a am b) 
Defined as 10 loge^f, 


where, s eff - v/Vj*”) ■ l! M *' " f(p e££ ) Y -i] ; p r 

Mach No. - L r J 

PNL normalization factor; defined as -10 




P° A ° + P c a1 


log 


A + A 

(^f) (^b) 


w-L 

■) 


dB 


Overall Power Level, dB re 10" 12 watts 
Ambient pressure; Pascal, psia 
Perceived Noise Level, dB 
Nozzle pressure ratio 
Relative Humidity, % 

Dry bulb ambient temperature; °K, °R 

Nozzle total temperature; °K, °R 

Free-jet velocity; m/s, ft/sec 

Nozzle exhaust velocity (ideal); m/s, ft/sec 

Ideal calculated weight flow rate; kg/s, lb/sec 

Density 

Density exponent , (Ref. 11, Hoch) 


SUPERSCRIPTS 


i Inner Jet (Nozzle) Conditions 

mix Mass Averaged Conditions 

o Outer Jet (Nozzle) Conditions 


SUBSCRIPTS 


amb Ambient 

j Jet 

r Ratio 

ref Reference 

T Total (Stagnation) 
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TABLE 3-3. DESCRIPTION OF AERODYNAMIC DATA SHEET, INTERNATIONAL (S.l.) UNITS 
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PNL Normalization Factor 

Defined as -10 log / F V ? V *'" 1 ; Normalized PNL = PNL 



In addition, the measured far-field PNL data extrapolated to a 731. 5-m 
(2400-ft) sideline and scaled to an AST product size of 0.903m 2 (1400 in. 2 ) 
also are presented in the tables. The selected data correspond to microphone 
locations of 0) = 50°, 60°, 70°, 90°, 120°, 130° and 140°. 

The normalization factor (NF) found in these tables is employed to 
normalize the measured noise levels to a reference thrust, as an example with 
PNL, as follows: 


PNLN = Normalized PNL = PNL + NF 


where NF is given by -10 log 




< rf - 1 


In this case, the normalized data are used to determine the dependence of 
aft angle jet noise on the acoustic Mach number by plotting PNLN against 10 
log (Vj mix /a am b)* 


The aerodynamic flow conditions and the selected PNL data corresponding 
to the acoustic test points are presented in the following section. 


3. 3. 1.3 Test Matrices for Scale Model Configurations 

The test matrices for the 10 scale model configurations are presented in 
test configuration number numerical order in Tables 3-5 through 3-24, as 
follows: the aerodynamic values are presented in both International (SI) 

units and in English units: 

o Tables 3-5 and 3-6; Test Matrices for TE-1 ; Baseline Nozzle; Coannul ar 
Inverted-Velocity-Profile Plug Nozzle with 20-Shallow Chute Outer 
Stream Suppressor; Hardwall Plug and no Ejector. 

o Tables 3-7 and 3-8; Test Matrices for TE-2; Baseline Nozzle with 
Hardwall Plug and with Hardwall Ejector of Nominal Length, LI, at 
Extended Spacing, S2. 

o Tables 3-9 and 3-10; Test Matrices for TE-3; Baseline Nozzle with 
Hardwall Plug and with Treated Ejector, T2, of Nominal Length, LI, at 
Extended Spacing, S2. 

o Tables 3-11 and 3-12; Test Matrices for TE-4; Baseline Nozzle with 
Treated Plug, T2, and Treated Ejector, T2, of Nominal Length, LI, at 
Extended Spacing, S2. 

o Tables 3-13 and 3-14; Test Matrices for TE-5; Baseline Nozzle with 
Treated Plug, T1 , and Treated Ejector, T1 , of Nominal Length, LI, at 
Nominal Spacing, SI. 

o Tables 3-15 and 3-16; Test Matrices for TE-6; Baseline Nozzle with 
Treated Plug, T2; no Ejector. 

o Tables 3-17 and 3-18; Test Matrices for TE-7; Baseline Nozzle with 
Hardwall Plug and with Treated Ejector, T2, of Extended Length, L2, at 
Extended Spacing, S2. 
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TABLES 3-6 TEST MATRICES FOR TE-1 ; BASELINE NOZZLE; COANNULAR INVERTED-VELOCITY-PROFILE PLUG NOZZLE WITH 
20-SHALLOW CHUTE OUTER STREAM SUPPRESSOR; HARDWALL PLUG AND NO EJECTOR. (ENGLISH UNITS) 


2 

O 


D l/i 

O \ 

Z O 

*— > iv 


i CN 

CN 

O CN CO 

CO 

«- 

<7> 

o cn 

O 

O 

O 0) 0) 

ro 

r- 

V- 

CN 

O 

O 

h- 


h n 

h- 

r- 

in 

5 cn 

h» 

h- 

r- CD CD 

OJ 

CD 

in in 

r- 

r- 

» O 

O 

o o o 

o 

O 

o 

- O 

O 

O 

o 

o o 

O 

6 

O 

o 

o 

O 

t co 

CN 

co -d m 

O' 

o 

CN 

CO CN 

CO 

ro 

r- 

in n 

CN 

CO 

n 

n 

CO 

co 

t T 

H 

in in r- 

cn 

cn 

cn 

I'- CO 

UJ 

in 

O 

uj ro 

CO 

in 

r- 

CN 

n 

CO 

i O 

m 

n m h- 

in 

in 

in 

cn ro 

■O' 

UJ 

in 

CO CO 

O 

co 

CN 

Ol 

r- 

h- 

' 00 

ir» 

in ip in 

in 

in 

in 

r" cn 

rj 

co 

in 

in in 

ID 

r- 

0) 

ro 

CN 

CN 

1 IN 

co 

CO CO CO 

co 

o 

o 

o o 

in 

in 

UJ 

CP CD 

ID 

in 

in 

in 

r- 

r- 

■ IN 

CO 

co in in 

c- 

CO 

co 

o cp 

Q 

o 

00 

CN CN 

CJJ 


xr 

co 


CD 

IN 

UJ 

CO co - 

CN 

CN 

o 

O CO 

O 

ro 

CN 

CO *- 

in 

CD 

co 


o 

r- 

> UJ 

ro 

CO a; 00 

CO 

O 

O 

in in 

CN 


CO 

CO CO 

h- 


CO 

to 


n 





CN 

CN 


CN 

CN 

CN 

CN CN 



CN 

CN 

CN 

CN 

tn 

h 

h cd r- 

in 

CN 

0) 

co 0) 

UJ 

CO 

in 

■*- tn 

CO 

U) 

CO 

Of) 

ro 

ro 

■ (N 


r- co O' 

in 

in 

r- 

cn •»- 

in 

CN 

in 

UJ to 

ro 

O 

ro 

O 

in 

n 

i co 


co co co 

co 

o 


ro « 

in 

in 

in 

in in 

co 

0) 

<D 

ID 

in 

in 

""" 




*" 













Lf) 

r- 

m ro 

in 

r- 


r- ^ 

ro 


OJ 

in 



tn 

cp 

in 

in 

r- 

O 

0 0)0 

O 

CN 

co 

CN — 


CO 

UJ 

UJ UJ 


0) 

r- 

ip 

co 

o 

ro 

CN 

CN f- CN 

CN 

in 

in 

in cp 

ro 

ro 

CN 

CN CN 

CO 

CO 

O 

o 

in 

in 


CN 

CN CN CN 

CN 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

3 

3 

co 

co 

i - 

n in co o 

- 

co 

- 

co o ro r- 


O r- cn r- O O r- 

r- 

1 CN 

— 

ipcorrcoOOOJOcoin 


•- CN CN 

ro 

co co 

_ 

CN 

IN 

*T 


ithMDMDOOOOO® 








"" 






CN 

CN CN 

CN 




CN 

CN 

» H 

uj 0) at h 

CO U) 

o 

CN t*- 


O o> n O cn cn ro 

CD 


CD 

) or 

co r- O O 


CO 

CN 

O CN 

U) 

■o 

CO 

CO CN CN in 00 

r- 

0) 

r- 

1 CN 

■<t 

co n -o 


in 

in tn in in 

CD 

r- 

t- r- 

r- 

r- 

CN 

CN 

r- 

r- 

> ID 

in 

cn tn 

O IP U> O o 


<n in o r-* 

in 


rt 

in 

O 

in 

• CT) 

■o 

CO - »“ 

CN 


O CN 

c- 

O' 

ro ro in 

o 

co r- 

5 

0) 

) r- 

ro 

r'Wcowromrocoaj 

ro 

ro ro ro ro 

0) 

ro 

ro 

CD 

a 

. 

O 

WMIOO 


00 co o 



co -- 

in 

U> CN CO 

in 

o 

) IT 


o o ^ 


CN 


— O CN CN CN CN CN 

CN 



o 

CN 

ID 

) CO 

IN 

CNCNCNCNlPlD®inO>® 

CN CN CN 

CN CN « 

ro 

TT 

CO 


CN 

2 

2 

2 

CN CN CN 

CN CN 

CN 

2 

3 

3 

3 

3 

CO 

- 

- 

CO 

CO 

) CD 

3 

7 

3 

4 
9 

5 

6 
4 

8 
0 
2 

- 

7 

2 

6 

3 
0 

4 

ro 

ro 

) CD 

in 

® h- r~ 

CN 

O 

r~ 

in o 

ro 

CP 


O r- 

in 



ip 

CN 

o 

> CD 

CT) 

0) a> O 

o 

in 

ir 


cn 

O 

o 

O O 

Q 


o 

o 

UJ 

r- 


Tf 

■o- "? in 

in 

in 

tn 

ro ro 

in 

CD 

r- 

h- r- 

O 

O 

c» 

c- 

r- 

h- 


















) a) 

in 

ID o co 

m 

co 

in 

in ro 

CP 

in 

in 

rr cn 

in 

CD 

CN 

CD 


tn 

) CN 

CO 

in in co 

o 

h- 

O 

O' CO 

UJ 

■o- 

0) 

O ® 

ip 

0) 

o 

f- 

r- 

■o 

> r- 

UJ 

0) ® cn 

o 


CN 

in in 

co 

CO 


in o- 

r- 

1- 

in 

■O' 

in 

in 





CN 

CN 


CN 

CN 

CN 

CN CN 



CN 

CN 

CN 

CN 

) in 

_ 

cn r— o 


OO 

cn 

^ — 


o 

r- 


in 

CO 

CO 

in 

■O' 

CD 

) r- 

00 

in tt o 

CN 


CD 

CN CN 

UJ 

CO 

n 

in cn 

ro 

o 

tn 

CN 

tn 

CN 

■ *t 

in 

in in in 

in 

CP 

CD 

ro ro 

r- 

r- 

c- 

r- r- 

ro 

CD 

r- 

r- 

r- 

1- 



^ ^ ^ 

' r ' 




■*“ 






** 




• cd 

eo 

r- O ® 

in 

o 

CP 

O CN 

Ol 


CO 

■o ♦- 

in 

CO 

r- 

u> 

CN 

ro 

) 0) 

CO 

CO CO CO 

co 

in 

r- 

CO «- 

u> 

ro 

UJ 

UJ UJ 

UJ 

CN 

in 

in 

in 


) a 

CN 

CN CN CN 

CN 

in 

in 

CD CP 

ro 

ro 

CO 

CO CO 

co 

n 

co 

CO 

ID 

UJ 

■ ** 

CNCNCNCNCNCNCNCNfN 

CN 

2 

3 

3 

3 

3 

3 

3 

3 

CO 

co 


o o 
(Q uj 

> V) 


> 8 00 888 0 8 0 8 0 8 0 88 0 8 0 8°8 


-j OiDdi-nifioHDnoooinoKnai’-OnifitDnn 

S CO 

< t-~r-r-f-r'r'-r-r-r-r-r-.cocococoroc-~corororocc 

q <Nr'OonincN’-incof-coifii£>0)nr'tDr'in{C»'0 

ro)t'-r-'<fCDCDQr->cocP'»-cn^'*-*-wu>cNOu>CN 
m ** 0)COaMJlfl)fllO)00)(I)a)00)0000)0)0000 

3 ^ "" "" " ** *" 

f'-r»cNOrofflror-tnaJO)TtTri--o , 5'ro* _ r'-iDCDto 
ujLur) TrtNmcoiD^mQQTfncNfVTfTjnaiOnninT: 

Z a fliaioioioifliqiOOoioiOOOOOoiOOOOO 

J uj ~ 

O 

lu cNr-moom — incoiDCD'<j(x>CDrocNr'--*-inr'C-in 

0-0 

i- cn MflQQcoooMNPMON^tTinuMoonininunD 

0)0)0O0)0)a)OO0)0)OOOOO0OOOOO 

HZ ^ ^ *" *" "" ^ ** '■* "■ ^ 

U. >-> 

8 oniDtjucw’-nTfNccoooMOcooincoMD 

o o 

h cd inincot-roroco — CNOjocNcointninnconninin 

n CD 0> OJ o> OJ 0 ) CD OOOJOOOOOOOOOOOO 

> 

w i- intn'Tf-TrincNrot'-cor-ojcNr'-OUJUJUJOCJt'-*- 

W < O 

** -i f* '“'T<x>tnr-r^f-o)oiO)*-’-^-n>^incN'»c ¥ )*j-oin 

W lu CDCJCDOJCDCDCDOJOOJOOOOOOOOOOOO 

_J 

_J LU 

3 — J t-or-ou>0)roiDCN<Dh-HCNoocor- , '-iniDr'-<NO> 

u-OO 

' — ' 2 ld orjnnTMninsQwmoiNOt-piODOn'-n 

< ffl<7)0)0)0)0)<7)0)00)0)CnOOOOOOOOOO 

z "" ” ” "" *” *" 

a 

0 ’-O’-nnmeonvumcoui’-W’Tr'OsOtt’- 

.tn u>-'- — ocNTrnincn^rrouj'-eoojcNC'.cNHCNroco 

#0)0)0)0)aM»0i0)0)cn(j)O0)(JiO0)O0)O®o 

_ QO®®n®OOMnro®ip«NNN#»*nn® 

Z OOUMDMCMn«»-*-inin'-»*-^^cNNnn 

ca 

-J OOnnwn(m»-*’^^oOOOOOOOOOO 

y y i i i i » • i i i i i ii 

2 r-cNOnin — cotDCMootnoiOr-minTrtnroinor^ 

> nin-oooO'nnnnooooooaimoOM’- 

’-’-nMMfMCMCMtM-T-n(Nnp)p)’-»-nnnn 

cn — nuJinr-iprooicoocDCDOJOiCDUJincNCNTfin 

u. co 

2 3 ininininir>ininu>iDOJO)U>u>Hi--HOOHr'mro 

i i i i t i • i i i i i i i i i *- ■»■* i i » • 

> i 

I >4 n’-nnTj-^n’-'nrn^nTf^TiT-n^ntj 

a: UJr-u>iDr^r-r-cnr-Hi--u>HiDi--r-Hr»tDf»<Dr~ 

n < r--H-'TCNCNCNipo)innuj*-coOcNCocoTt-coo 

E*-< 

<u in 

a. a 

a CNf-cNCNCNf-CNCNr-r-r-cNr-oiiNCNr-f-cNCNCNCN 

12 

EO onmoipntfmn^’-ronoMCW’-nowffiu) 

«iu 

h o ininininininintnininintninininininininininin 


in z 

lij H-t 

i- o 


h t- -(Nnn-ij^^inin^uBMXKjjoomO’-rjnv 

8888888882°888«52-5555 £2 88888888§22888352!sS3S 


76 


TABLES 3-7 TEST MATRICES FOR TE-2; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH HARDWALL EJECTOR OF NOMI 
LENGTH, LI, AT EXTENDED SPACING, S2 . (INTERNATIONAL UNITS) 
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TABLES 3-8 TEST MATRICES FOR TE-2; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH HARDWALL EJECTOR OF NOMINAL 
LENGTH, LI, AT EXTENDED SPACING, S2. (ENGLISH UNITS) 
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TABLES 3-9 TEST MATRICES FOR TE-3; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH TREATED EJECTOR, T2, OF NOMINAL 
LENGTH, LI, AT EXTENDED SPACING, S2 . (INTERNATIONAL UNITS) 
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TABLES 3-11 TEST MATRICES FOR TE-4; BASELINE NOZZLE WITH TREATED PLUG, T2, AND TREATED EJECTOR, T2, OF NOMINAL 
LENGTH, LI, AT EXTENDED SPACING, S2. (INTERNATIONAL UNITS) 
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TABLES 3-13 TEST MATRICES FOR TE-5; BASELINE NOZZLE WITH TREATED PLUG, Tl, AND TREATED EJECTOR, Tl, OF NOMIN, 
LENGTH, LI, AT NOMINAL SPACING, SI. (INTERNATIONAL UNITS) 


ORIGINAL PACE fS 
OF POOR QUALITY 
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TABLES 3-15 TEST MATRICES FOR TE-6; BASELINE NOZZLE WITH TREATED PLUG, T2; NO EJECTOR. (INTERNATIONAL UNITS) 

************** S- I. UN ITS *************** 

NOZZLE - MODEL AX. AREA [MODEL SIZE - INNER =0.0031 . OUTER = 0.0147 ; FULL SIZE - TOTAL = 0.9031] sq.m. 
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TABLES 3-16 TEST MATRICES FOR TE-6; BASELINE NOZZLE WITH TREATED PLUG, T2 ; NO EJECTOR. (ENGLISH UNITS) 

NOZZLE - MODEL AX. AREA f MODEL SIZE - INNER = 4.75 , OUTER - 22.75 ; FULL SIZE - TOTAL = 1400.00] SO. IN. 
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TABLES 3-18 TEST MATRICES FOR TE-7; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH TREATED EJECTOR, T2, OF 
EXTENDED LENGTH, L2, AT EXTENDED SPACING, S2. (ENGLISH UNITS) 
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OF EXTENDED LENGTH, L2, AT EXTENDED SPACING, S2. (INTERNATIONAL UNITS) 
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TABLES 3-20 TEST MATRICES FOR TE-8; BASELINE NOZZLE WITH TREATED PLUG, T2 , AND WITH TREATED EJECTOR, T2, 
OF EXTENDED LENGTH, L2, AT EXTENDED SPACING, S2. (ENGLISH UNITS) 

NOZZLE - MODEL TE08 AREA [MODEL SIZE - INNER = 4.75 , OUTER = 22.75 ; FULL SIZE - TOTAL = 1400.00] SO. IN. 
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TABLES 3-21 TEST MATRICES FOR TE-9; BASELINE NOZZLE WITH TREATED PLUG, Tl, AND WITH TREATED EJECTOR, T1 
OF NOMINAL LENGTH, LI, AT EXTENDED SPACING, S2. (INTERNATIONAL UNITS) 
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TABLE 3-22 TEST MATRICES FOR TE-9; BASELINE NOZZLE WITH TREATED PLUG, Tl, AND WITH TREATED EJECTOR, T1 
OF NOMINAL LENGTH, LI, AT EXTENDED SPACING, S2. (ENGLISH UNITS) 
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TABLES 3-23 TEST MATRICES FOR TE-10; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH HARDWALL EJECTOR OF 
EXTENDED LENGTH, L2 , AT EXTENDED SPACING, S2. (INTERNATIONAL UNITS) 
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TABLES 3-24 TEST MATRICES FOR TE-10; BASELINE NOZZLE WITH HARDWALL PLUG AND WITH HARDWALL EJECTOR OF 
EXTENDED LENGTH, L2 , AT EXTENDED SPACING, S2. (ENGLISH UNITS) 
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Tables 3-19 and 3-20, Test Matrices for TE-8; Baseline Nozzle with 
Treated Plug, T2, and with Treated Ejector, T2, of Extended Length, L2, 
at Extended Spacing, S2. 

o Tables 3-21 and 3-22, Test Matrices for TE-9; Baseline Nozzle with 
Treated Plug, T1 , and with Treated Ejector, T1 , of Nominal Length, LI, 
at Extended Spacing, S2. 

o Tables 3-23 and 3-24, Test Matrices for TE-10; Baseline Nozzle with 
Hardwall Plug and with Hardwall Ejector of Extended Length, L2, at 
Extended Spacing, S2. 

3.3.2 Laser Velocimeter Test Summary 

Mean velocity (axial component) and turbulent velocity (axial component) 
measurements of twenty-one (21) selected flow conditions with five (5) test 
configurations were performed employing the laser velocimeter (LV). 

Measurements were acquired on Configurations TE-1 , TE-4, TE-5, TE-6 and TE-8. 
The nominal aerodynamic flow conditions of the LV test points are summarized 
in Table 3-25. Twenty-one (21) aero plumes were LV studied in varying degrees 
of detail; these 21 configuration/plume combinations being identified by "LV 
Test Point No." for ease of reference in the Table 3-25 summary. "Match 
Acoustic Test Point Number", also in the table, is a cross reference to the 
same acoustic test point number of Section 3.3.1 's Table 3-1 ; the same 
nominal aerodynamic flow conditions being maintained. As noted from the 
table, 7 plumes were documented on Configuration TE-1, 4 on TE-6, 6 on TE-4, 
and 2 each on TE-8 and TE-5. A brief description of the test point is also 
included. 

The detailed LV measurements are included in this contract's comprehensive 
data report. Select data are included within the reports Section 4.0, 

"Acoustic and Diagnostic Test Results". 

3.3.3 Shadowgraph-Photograph Test Summary 

In addition to the acoustic, LV and aerodynamic instrumentation performance 
tests, diagnostic shadowgraph-photography testing was conducted on Configu- 
rations TE-1, TE-4 and TE-6. Table 3-26 summarizes the shadowgraph test 
matrix, covering (6) similar plume/aero cycle conditions on each of the (3) 
test configurations. The nominal aerodynamic flow conditions are summarized 
in this table. Test point numbers again match the acoustic test points of 
Section 3.3.1 ' s Table 3-1 ; the same aerodynamic flow conditions being 
maintained. The detailed shadowgraph-photographs are included in this 
contracts comprehensive data report. Results of these data are referenced 
within Section 4.0, "Acoustic and Diagnostic Test Results". 

3.3.4 Aerodynamic Ps and Ts Test Summary 

Instrumentation for aerodynamic performance and thermal environment 
evaluation were applied to various surfaces of the suppressor/ejector systems 
in order to a) estimate chute base drag, b) measure chute metal temperature 
and skin temperature along the ejector inner flowpath plus cavity temperature 
within the packed treatment trays, and c) measure static pressure along the 
ejector inner flowpath. To acquire said measurements, this instrumentation 
was utilized, whenever possible, during the prime acoustic test matrices as 
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TABLE 3-26. SHADOWGRAPH-PHOTOGRAPH TEST SEQUENCE AND DATA SUMMARY 
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described in Section 3.3.1 Table 3-1. Aerodynamic data were acquired and 
reduced to engineering units, along with the standard aerodynamic flow 
monitoring instrumentation for both flow streams, on the Data Management (DMS) 
System. Detailed Ps and Ts measurements are tabularized in this contract's 
comprehensive data report. Section 4.7, "Aerodynamic Static Pressure and 
Static Temperature Data Summary". Select results of these measurements are 
within this report's Section 5.8, "Aerodynamic Performance Evaluation from 
Chute Base Pressure Measurements" for chute base drag impact on nozzle thrust 
coefficient and within Section 4.0, "Acoustic and Diagnostic Test Results". 
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4.0 ACOUSTIC AND DIAGNOSTIC TEST RESULTS 


Within this section, the acquired acoustic and diagnostic data are 
analyzed and results reported. As discussed in Section 3.1, "Scale Model Test 
Hardware", a chronology of test configurations was developed to systematically 
evaluate parameters which were judged influential to suppressor/ejector 
acoustic performance. This chronology, diagrammed in Figure 4-1, was also 
followed in identifying the methodology of comparisons for analysis and 
presentation of results. The following report subsections present results of 
various study areas, as follows: 

Section 4.1: Establish performance of the baseline TE-1 unejected nozzle 

in relation to a previous similarly designed 20-chute coannular nozzle of 
NASA-GE Contract NAS3-21608. Additionally, as no conic nozzle data were 
acquired within the current program, establish conical nozzle acoustic 
performance curves for reference in evaluating suppressor/ ejector 
effectiveness. 

Section 4.2: Provide an overview of effectiveness of parameters 

influencing suppressor/ejector acoustic performance and summarize the 
impact of geometric/aerodynamic variables. 

Section 4.3: Verify the on-test selections of optimum peformance of 

ejector axial position S2 (TE-9) over SI (TE-5) and treatment application 
T2 (TE-4 ) over T1 (TE-9). 

Section 4.4: Rank and quantatively evaluate the individual sources of 

ejector effectiveness, i.e., a) application of hardwall ejector, b) 
application of acoustic treatment to ejector flow surface, and c) 
application of acoustic treatment to plug surface. These are reviewed 
within the nominal length ejector set; TE-4, TE-3 and TE-2, and within 
the extended length ejector set; TE-8, TE-7 and TE-1 0 . 

Section 4.5: Evaluation of effectiveness of ejector length variation 

within the comparisons of a) hardwall ejector TE-2 and TE-10, b) treated 
ejector flowsurfaces, TE-3 and TE-7, and c) fully treated ejector/plug, 
TE-4 and TE-8. 

Section 4.6: Review effectiveness of softwall plug surface for potential 

of diminishing shock-cell strength and subsequently alleviating 
shock-cell related noise. 
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• OVERVIEW OF SUPPRESSOR/EJECTOR PERFORMANCE - SECTION 4.2 
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As acoustic performance can be gauged through comparison of a variety of 
standard noise parameters, i.e., PWL, PNL, OASPL, EPNL, and basic spectra, it 
is of interest to present representative samples of these types of data sets 
for overall trend evaluation. Many of the physical changes incorporated in 
ejector model variations produced minor changes in acoustic levels and in many 
cases the changes are not methodically consistent. For example, as primary 
nozzle thermodynamic cycle is changed or as simulated flight is introduced, 
mechanisms of noise generation and subsequent ejector suppression are 
altered. Therefore, to gauge effectiveness of a physical change in ejector 
design, i.e., length increase, ejector axial location, hardwall, ejector 
flowpath treatment, or plug surface treatment, review of a representative 
sample of comparisons is generally warranted to discern general trends of 
effectiveness. More specifically, if a select cycle condition and acoustic 
parameter is of interest, exact comparisons at those conditions are most 
helpful. Therefore, for evaluation of acoustic peformance of the baseline and 
treated ejector variations, this section will present an array of detailed 
data comparisons, primarily to augment observation of trends, but also to 
benefit the readers future use. General peformance trends elicited from the 
comparisons are then summarized. 

4.1 EFFECTIVENESS OF BASELINE CONFIGURATION TE-1 RELATIVE TO CONICAL NOZZLE 
AND TO PREVIOUS MULTI-CHUTE INVERTED-VELOCITY-PROFILE 'SUPPRESSOR SYSTEM 


Within this section, the baseline TE-1 unejected 20-chute suppressor 
nozzle is compared to a reference conical nozzle for establishing its level of 
suppression. It is also compared to a previously tested, similarly designed 
20-chute outer annular suppressor to validate consistency of jet noise 
suppression level attained, plus, to evaluate whether additional forward 
quadrant shock noise suppression was achieved. Prior to this presentation, 
however, conical nozzle data from previous NASA-Lewis sponsored contracts are 
summarized in order to document reference nozzle performance curves for use 
throughout the report. 

4.1.1 Conical Nozzle Baseline Substantiation 

This program's test effort did not include testing of a reference conical 
nozzle. As acoustic performance of jet noise suppressors is always referenced 
to a baseline conical nozzle, previous NASA sponsored test efforts on conic 
nozzles within the General Electric Anechoic Free-Jet Facility and a full 
scale conic nozzle engine test are summarized within this report section to 
provide said baseline. Data from References 5 and 12 through 14 have been 
reviewed and used to establish nominal performance curves, the nominal curves 
then used as reference to which suppressor/ejector systems' suppression is 
quoted in various report sections. Except for the Reference 14 YJ101 engine 
test static data, the conic nozzle data have been acquired and reduced in the 
same manner described in Section 3.1 of this report. The YJ101 data have 
acquired, reduced and scaled in similar manner and represent compatible conic 
nozzle data for a full scale engine sized to the AST/VCE study system. Unless 
otherwise stated, presented data are for a full scale 1400 in^ exhaust nozzle 
total area, corrected to a 59°F 70% relative humidity standard day and 
presented on a 2400' sideline. 
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The conic nozzle performance summaries, where applicable, are presented as 
direct comparisons of static and simulated flight. The simulated flight range 
being 370 to 400 ft/sec, representative of takeoff flight speed for an AST/VCE 
system. Compared as such, influence of flight can readily be seen on all 
presented parameters, i.e., spectra, OASPL, PNL and PWL. These results will 
be later referenced in relation to flight influence on the suppressor/ ejector 
acoustic performance. 

A quick review of flight effects on jet noise may be in order for the sake 
of qualitatively understanding the major changes seen in static-to-flight data 
comparisons. Flight effects can be examined by reviewing the methodology in 
which the General Electric M*G*B prediction model. Reference 15, handles said 
effects on the basic noise generation/emission mechanisms of a) basic 
turbulent mixing, b) convective amplification of the turbulent eddy sources, 
c) fluid shielding and refraction of mixing noise, and d) shock cell 
associated noise. 

First, the basic turbulent mixing noise generation is altered in several 
ways. The forward flight is seen in a nozzle-fixed reference frame as a 
co-flowing medium; hence the shear between the jet flow and the ambient medium 
is reduced. Simultaneously, the mixing rate coefficients are reduced which 
tends to elongate or stretch out the jet. The result of these competing 
effects is a reduction in the basic turbulent mixing noise level (typified by 
the 0i = 90° spectrum), but more reduction occurs at high frequencies than at 
low frequencies. In addition, the "source" frequencies, which are determined 
by intensities and length scales of the generated jet shear layer turbulence, 
become smaller so the resultant spectrum shifts to lower frequencies. This is 
illustrated qualitatively in Figure 4-2a. 

The second mechanism which is altered by forward flight is the convective 
amplification of the turbulent eddy sources due to motion relative to the 
observer. Typical convective amplification trends on OASPL are shown in Figure 
4-2b. The effect of forward flight is to change the convection speed of the 
eddies relative to the observer from M c (relative to the nozzle) to M c -M 0 . 

Thus, the "observed" convection speed M co = M c -M 0 is reduced, and the 
directivity pattern due to convection becomes less steep. This results in an 
increase in the forward-arc level relative to the 90° level, and a corre- 
sponding decrease in the aft-arc level relative to the 90° level, as compared 
to the static levels. 

The third mechanism which is altered by forward flight is the fluid 
shielding and refraction of the mixing noise as it propagates through the jet 
flow itself to the ambient field. This mechanism only plays an important role 
in the aft quadrant, above = 120° to 130°, depending on the jet velocity. 
Since the amount of shielding or attenuation provided by the jet flow itself 
increases with increasing jet velocity, the effect of forward flight is to 
reduce the flow shielding, since the jet flow velocity level relative to the 
ambient medium is reduced. This results in an increase in noise in the aft 
arc, above the critical angle or "zone of silence" where shielding occurs, 

= 120° to 130°. This effect is illustrated qualitatively in Figure 4-2c. The 
shielding effect diminishes at low frequencies, having negligible impact below 
about 1/2 the peak noise frequency at 90°. 
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A SPL 90° SPL, dB 



(a) Basic Source Spectrum (b) Convective Amplification 

Mixing Noise Reduction Directivity Alteration Due 

Due to Forward Flight to Forward Flight 



(c) Fluid Shielding Alteration (d) Shock Cell Noise Spectrum 

Due to Forward Flight Modification Due to Forward 

Flight 


FIGURE 4-2 QUALITATIVE EFFECTS OF FORWARD FLIGHT ON VARIOUS JET NOISE 
EMISSION/GENERATION MECHANISMS. 
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Finally, the fourth mechanism of jet noise generation which is altered by 
forward flight is shock cell noise generation. The shock cell noise 
generation "sources" are fixed (on a time-averaged basis) to the nozzle 
reference frame, i.e., they are not convected sources. This is because the 
nozzle plume shock fronts formed in the jet flow at supersonic pressure ratios 
are the noise radiators, producing acoustic emission as a result of jet flow 
turbulence convecting through and over the shock cell fronts. The noise 
"source" locations, i.e., the shock fronts, are fixed relative to the nozzle, 
but the emission spectrum shape depends upon the turbulence characteristics 
(intensity, length scale and convection speed). To the extent that forward 
motion modifies these turbulence characteristics, the shock cell noise 
emission spectrum will also be altered. For low flight speeds (M o ^0.3), 
this effect will be small, since we are concerned with changes close to the 
jet exit plane where flow velocities are high. For high flight speeds (M 0 p- 
0.5), this effect could be substantial. 

In addition to the above effects (modification of shock-cell noise source 
spectrum due to changes in turbulence characteristics), the shock-cell noise 
spectrum suffers a dynamic and doppler effect due to source motion similar to 
that of a moving point source, of the form 

SPLstatic “ SPL flight = 1°910 H-Mq cos &\) 

fflight = fstatic /^ 1 _M o cos 

Again, for large M 0 , these level and frequency corrections can be quite 
substantial. This effect is illustrated qualitatively in Figure 4-2d. 

For presentation of the summarized conic nozzle data, standard methods for 
correlating jet mixing noise are followed and resultant curves presented in 
the following: 

o Figure 4-3: Normalized OAPWL versus normalized jet velocity for static 

and simulated- flight. 

o Figure 4-4 and 4-5: Normalized OASPL and PNL, respectively, versus 
normalized jet velocity parameter, static and flight, for dj = 60°, 

90°, 130° and peak value. 

Noteworthy in reviewing these figures are the following: 

o Substantial reduction of flight OAPWL for all but the highest velocity 
test points. At the high velocity points, forward quadrant shock noise 
amplification overrides influence of aft quadrant jet noise reduction. 

o For OASPL and PNL, a) the significant aft quadrant (0j = 130° and peak 
value) reduction of jet mixing noise over the entire jet velocity range 
of operation, and b) the flight amplification of forward quadrant, Q\ = 
60°, and broadside, 0j = 90°, noise levels at cycle conditions above 
critical nozzle pressure ratio (10i O g(Vj/A o ) -3.0), due to influence of 
shock noise. 
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To exemplify flight noise influence on conical nozzle spectral content. 
Figures 4-6, 4-7 and 4-8 present static to flight comparisons at 0j = 60°, 90° 
and 130° for three cycle points. The points have been selected as nearest 
match to the suppressor/ejector coannul ar nozzle's mixed jet aerodynamic cycle 
at "cutback", "intermediate" and "takeoff" power settings for the study 
AST/VCE system (see Section 3.3.1 for test point definition). Conic nozzle 
cycle parameters are noted on the figure and have pressure ratio ranging from 
2.16 at cutback to 2.92 for takeoff; from slightly supersonic where shock 
noise is non-influential to highly super-critical where shock noise is quite 
dominant. Review of these figures elicits the following influences of flight 
on conic nozzle noise: 

o Aft quadrant jet-mixing-noise-dominated spectra are significantly 
reduced for all frequencies at all three cycle points. 

o 90° spectra show slight reduction for all frequency bands for cutback 
and intermediate cycle, but amplification of the peak shock broadband 
frequencies and above for the takeoff cycle point. 

o Forward quadrant mid-to-high frequency noise is amplified for all three 
cases; for the intermediate and takeoff cases where shock peaks are 
seen in the static spectrum, flight amplifies the level and shifts 
these peaks to higher frequencies, as would be expected from the 
dynamic and doppler effects discussed earlier. 

A further comparison of general data trends and influence of flight can be 
seen in Figure 4-9, presenting directivity patterns of OASPL and PNL at the 
representative cycle points of cutback, intermediate and takeoff for both 
static and flight. Trends in this data follow those previously observed, i.e.: 

o Aft angles controlled by jet mixing noise (for all three cycle points) 
are substantially reduced by flight effects. 

o Forward quadrant OASPL and PNL for cutback and intermediate are of 
similar level due to the offsetting balance of slight low-frequency 
reduction and slight high-frequency amplification, PNL being amplified 
slightly more than OASPL due to its mid-to-high frequency weighting. 

o For takeoff, the forward quadrant PNL and OASPL are substantially 
amplified, primarily due to the strong influence of shock cell noise 
amplification, even though very low frequency jet mixing noise is still 
slightly reduced. 

A further correlation of conical nozzle shock noise influence can be seen 
in Figures 4-10 and 4-11 where forward quadrant measured OASPL and PNL are 
presented as a function of the shock strength parameter,^. Harper-Bourne and 
Fisher, Reference 16, have developed theoretical and experimental guidelines 
for estimating the characteristics of broadband shock noise for jets operating 
above critical pressure ratio. They suggest that shock noise can be 
co rrelate d on the basis of the shock strength parameter,^, defined as 

, and used in plotting as lOLogio^ • The graphs presented correlate 
data at angles of Oj =50, 60, 80, 90 and 100° and directly compare static to 
flight data. Previous correlations have shown static data to have a f 
dependency of near 4.0. Figures 4-9 and 4-10 data show: 
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FIGURE 4-6 CONIC NOZZLE STATIC-TO-FLIGHT SPECTRA COMPARISONS AT REPRESENTATIVE CUTBACK CYCLE 
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FIGURE 4-7 CONIC NOZZLE STATIC-TO-FLIGHT SPECTRA COMPARISONS AT REPRESENTATIVE INTERMEDIATE CYCLE 







FIGURE 4-8 CONIC NOZZLE STATIC-TO-FLIGHT SPECTRA COMPARISON AT REPRESENTATIVE TAKEOFF CYCLE 


















FIGURE 4-9 CONIC NOZZLE STATIC-TO-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT 

















o Static OASPL and PNL correlate in the range of (J 4 * 2 to £> 5* 1 
for the shown angles in which shock noise is present. 

o Flight OASPL and PNL correlate on slightly higher slopes, from (5 5 * 2 
to ^ 6 * 4 , due to a) the basic forward quadrant amplification of shock 
by flight, and b) the stronger intensity of shock influence at higher 
(pressure ratio) values relative to the diminished shock at low f 
values. 

o As shock cell -noise spectrum suffers a dynamic effect of -lOLogig (1 - 
M 0 cos fT[) due to flight; more forward quadrant levels are more 
severely amplified by flight, therefore, the flight noise lines should 
progressively increase above the static lines as viewed from 6} = 90° 
to 50°; which they do by observation. 

Note that these correlations and trends will be compared to the 
suppressor/ejector data in later text. 

A final conical nozzle acoustic performance correlation is presented in 
Figure 4-12 as normalized EPNL as a function of normalized jet velocity. The 
calculated EPNL are based on simulated- flight measured data projected to a 
2400' sideline and are for two nominal flight speeds, i.e., a) 370 to 400 
ft/sec, and b) 280 ft/sec. Presented on this basis the EPNL correlate as a 
straight line dependency on velocity to an approximate V^° slope. 

4.1.2 Effectiveness of Baseline Configuration TE-1 

4. 1.2.1 Comparison of NAS3-23275 Configuration TE-1 to NAS3-21608 
Model 10.1 


The TE-1 baseline suppressor design is detail -defined in Section 3.2.1, 
sketch and photo being repeated herein as Figure 4-13, for easy reference. 

The nozzle essentially duplicates the full scale study nozzle of Contract 
NAS3-23038 (Reference 1 and Figure 2-1). The details of the full scale 
nozzle, as far as parameters judged to influence potential for jet noise 
suppression, were heavily influenced by results of previous test programs, 
primarily Contract NAS3-20582, Reference 17, "Core Driven YJ101 AST/VCE 
Coannular Plug Nozzle Investigation" and its scale model counterpart, Contract 
NAS3-21 608, Reference 8, "Free-Jet Investigation of Mechanically Suppressed 
High-Radius Ratio Coannular Plug Model Nozzles". The coannular nozzle 
developed under these two contract efforts was a pseudo-optimum jet noise 
suppressor, implemented in an inverted-velocity-profile exhaust nozzle of the 
AST/VCE concept. Its model test results, per Reference 8, showed strong peak 
jet noise suppression, but retention of some forward quadrant shock-cell 
noise, though substantially reduced below the level of a reference conical 
nozzle. The NAS3-23038 full scale study nozzle, and therefore the TE-1 
baseline nozzle for the treated ejector study, maintained the physical 
parameters of the pseudo-optimum suppressor that were most influential in jet 
mixing noise suppression, i.e.: 


- 20-shallow chutes 

- Suppressor area ratio near 1.75 

- Suppressor radius ratio = .72 

- Inner-to-outer nozzle area ratio ^0.2 
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FIGURE 4-12 COMIC NOZZLE EPNL CORRELATION WITH JET VELOCITY PARAMETER. 
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FIGURE 4-13. CONFIGURATION TE-1 ; BASELINE COANNULAR INVERTED-VELOCITY-PROFILE 
PLUG NOZZLE WITH 20-SHALLOW CHUTE OUTER STREAM SUPPRESSOR, 
HARDWALL PLUG AND NO EJECTOR 
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However, the chute cross sections and the plug closure were altered to 
attempt to further weaken shock structure and associated shock-cell noise. 
This report section, therefore, has a twofold purpose, i.e., a) to document 
the suppression levels and noise characteristics of the baseline TE-1 
configuration, and b) to compare its acoustic/aerodynamic performance levels 
to that of its similarly designed predecessor. Model 10.1 of Contract 
NAS3-21608. 

A schematic and photograph of the Model 10.1 are per Figure 4-14. The 
following is a comparison of pertinent geometric parameters: 



NAS3-23275 CONFIG. TE-1 | 

NAS3-21608 MODEL 10. 1 

PARAMETER 

OUTER NOZZLE 

INNER NOZZLE 

OUTER NOZZLE 

INNER N0ZZLI 

Type 

20-Chute 

Annular 

20-Chute 

Annular 

Afiow> in ' 2 

22.75 

4.747 

19.88 

4.00 

D fl°w, eq.> in * 

5.382 

2.458 

5.03 

2.25 

Area Ratio- Suppressor 

1.775 

- 

1.75 

- 

Radius Ratio 

.719 

.926 

.718 

.941 

Throat Planed Re Vert., 
Degrees 

0 

15 

0 

15 

Plug Truncation 

- 

Sharp Tip 

- 

Truncated 

a T 0TAL> in - 2 

27.497 

23.88 

d T 0TAL, eq., in - 

5.917 

5.514 

A inner/ A outer 

.21 


.20 



The primary differences between the two nozzles are a) chute cross section 
contours, b) contour- truncated plug termination versus sharp- tipped 
truncation, and c) flow areas. The difference in flow areas is compensated 
for within the method of scaling to a full size engine; described in Section 
3.1. 


4. 1.2. 2 Acoustic Comparison of Configuration TE-1 to Model 10.1 and 
to Come 


On the basis of normalized power level, per Figure 4-15, the new TE-1 
configuration is seen to be approximately 1 dB noisier than the previous Model 
10.1 at static. In flight, it has slightly higher total acoustic energy at 
low and intermediate velocities, is similar at takeoff, and just slightly 
lower at max cycle. 
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FIGURE 4-15 NORMALIZED PWL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
COMPARISON OF CONFIGURATION TE-1 TO MODEL 10.1, STATIC 
AND SIMULATED-FLIGHT 




A second basis of comparison is presented in Figures 4-16 through 4-19; 
normalized OASPL and PNL versus jet velocity parameter for static and flight 
at Sh = 60°, 90°, 130° and peak value. On a peak noise level basis, the two 
configurations are very repetitive in suppression level, the nominal 
suppression levels relative to a conic nozzle summarized at the takeoff and 
cutback cycles as follows: 




AP OASPL 

APPNL 


OOlogin CVi mlx /a flm ^ 

Static 

FI i ght 

Stati c 

FI i ght 

Takeoff 

& 3.0 

11.2 

10.7 

10.5 

5.8 

Cutback 

^ 2.1 

11.3 

7.5 

6.2 

0.5 


At broadside, Dj = 90°, and forward quadrant, = 60°, the TE-1 OASPL and 
PNL levels are normally slightly above those of Model 10.1 


More thorough noise level comparisons at cutback, intermediate and takeoff 
are afforded in the following graphs: 

o Figures 4-20, 4-23 and 4-26: Directivity patterns of OASPL and PNL at 

cutback, intermediate, and takeoff cycles, respectively, for both static 
and flight. 

o Figures 4-21/-22, 4-24/-25 and 4-27/-28: Sets of spectra at Oj; = 60°, 

90° and 130° for cutback, intermediate and takeoff, respectively, for 
both static and flight. 

The data comparisons indicate, in general: 

o Peak noise levels are very similar for TE-1 and 10.1 for all comparisons. 

o Forward quadrant noise levels are normally slightly higher for TE-1 and 
aft quadrant levels are normally slightly lower. 

o Spectra comparisons generally indicate very similar frequency 

distribution of noise levels with no major shape differences. Minor 
differences between TE-1 and 10.1 are seen for all static and flight 
comparisons and all cycle points, but no consistent pattern is obvious. 
The most consistent data repetition is at the highest takeoff cycle 
compari son. 
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NORMALIZED OVERALL SOUND PRESSURE LEVEL, OASPLN , dB 
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FIGURE 4-17 NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER 
FOR COMPARISON OF CONFIGURATION TE-1 TO MODEL 10.1, 
SIMULATED-FLIGHT, AT 0j=6O°, 90°, 130° AND PEAK VALUE 
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NORMALIZED PERCEIVED NOISE LEVEL, PNLN, PNdB 
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FIGURE 4-22. NORMALIZED SPECTRA AT 9 T =60°, 90° & 130° FOR COMPARISON OF CONFIGURATION TE-1 
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FIGURE 4-23. STATIC AND SIMULATED FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT 
INTERMEDIATE FOR COMPARISON OF CONFIGURATION TE-1 TO MODEL 10.1. 
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FIGURE 4-26 STATIC AND SIMULATED-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL 
AT TAKFOFF FOR COMPARISON AF CONFIGURATION TF_1 Tfi Mnnn in l 
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FIGURE 4-27 NORMALIZED SPECTRA AT 0 T =6O U , 90 u , AND 130 u FOR COMPARISON OF CONFIGURATION TE-1 TO 
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o The suppressor nozzle spectra, particularly at takeoff, show less of a 
peakness than the conic nozzle. The conic nozzle spectra are very 
peaked at 400 to 500 Hz from broadband shock noise. The suppressor 
spectra do show a slight peak at 1250 to 1600 Hz, possibly from the 
shadowgraph-observed less intense shock structure. 

As a gauge of shock noise control effectiveness. Figures 4-29 and 4-30 
present measured OASPL and PNL as a function of shock strength parameter, ^ . 

To directly gauge changes relative to a reference nozzle, conic nozzle 
correlations of Section 4.1.1 1 s Figures 4-10 and 4-11 are included. Also, to 
directly evaluate impact of simulated- flight, data are correlated for both 
static and flight for conic, TE-1 and 10.1. Reviewing the two figures, the 
following are noteworthy: 

o Forward quadrant noise levels, particularly at higher values of $ 

(higher nozzle pressure ratio) are very substantially reduced by the 
multi -element suppressor nozzle systems. As an example, at = 60° for 
takeoff cycle (10 1 og-j q § = 0.1), OASPL is reduced by 7 dB static and 12 
dB flight whereas PNL are reduced by 5 dB static and 7 dB flight. 
Suppression levels relative to conic are less at lower £ values as shock 
noise is less dominant at lower pressure ratio. 

o Suppressor nozzles' forward quadrant data correlate at a much lower 
slope, i.e., ^ dependency, than do conic measurements, again indicative 
of the sharp reduction in shock noise content. Conic nozzle data 
correlated with ^ within a range of a 4.2 to 5.1 power for static and 
5.2 to 6.4 for flight. TE-1 and 10.1 data correlate with £ to the 2.0 
to 3.0 power for OASPL and PNL, static and flight. 

o For both OASPL and PNL, static and flight, TE-1 forward quadrant levels 
are seen to be equivalent to slightly higher than those of 10.1, 
indicative of no further reduction of shock cell noise, as originally 
hoped for during design. 

A review of the comprehensive data report's (Reference 3) shadowgraph 
documentation for TE-1 test points 1009 and 1010 shows fairly strong 
shock structure just aft of the suppressor nozzle exit plane, for the 
extent of the plug structure, but no shock structure aft of the plug 
tip. The shock structure is not as intense as conic nozzle shock at 
similar jet Mach No. 

o As noted previously, shock cell noise spectrum suffers a dynamic effect 
of -10 Log-jo (1 - Mo cos e^) due to flight; far forward quadrant levels 
are more highly amplified by flight. Therefore, the flight noise 
correlated data lines should progressively increase in level above the 
static lines as viewed from &\ of 90° toward 50°; presuming shock noise 
is present. This progression is very dramatically seen for the conic 
nozzle, for OASPL and PNL; flight data lines being near similar to 
static at Ot = 90° and progressing to well above static at 50°. The 
slopes of trie flight data lines also increase due to the higher shock 
noise content at high 6 (pressure ratio) values. For the suppressor 
data, however, the progressively larger separation between flight and 
static data is not as readily observed nor is a noti cable change in 
slope. This is attributed to the lower shock noise content. For OASPL, 
the static and flight levels are very similar from 90° through 60° and 
show slight increase at 50°. For PNL the increase is more noti cable for 
80° to 50° as suppressor spectra are high frequency dominated and the 
slight amplification due to flight is more readily seen in the PNL 
weighting. 
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OVERALL SOUND PRESSURE LEVEL, OASPL, dB 



QUADRANT OASPL DEPENDENCY, ON SHOCK STRENGTH PARAMETER 
FOR COMPARISON OF CONFIGURATION TE-1 TO MODEL 10.1 
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FIGURE 4-30 STATIC AND SIMULATED-FLIGHT CORRELATION OF FORWARD 
QUADRANT PNL DEPENDENCY ON' SHOCK STRENGTH PARAMETER 
FOR COMPARISON OF CONFIGURATION TE-1 TO MODEL 10.1 







Further comparisons for flight effect trends on the TE-1 suppressor are 
shown in Figures 4-31 through 4-34. Figure 4-31 presents directivity patterns 
of static and flight OASPL and PNL at cutback, intermediate and takeoff. 

Figures 4-32, -33 and -34 similarly present Oj = 60°, 90° and 130° spectra. 
Flight influences observed are: 

o Aft angle OASPL and PNL, controlled by jet mixing noise, are all reduced 
by flight effects. Aft angle low-frequency spectra are very 
significantly reduced and high-frequency levels remain similar to 
slightly amplified. 

o Forward quadrant OASPL and PNL levels are all amplified by flight, by 
fairly similar levels for each cycle point. Conic nozzle trends of 
Figure 4-9 showed this forward quadrant magnitude of amplification to be 
cycle/pressure ratio/shock noise dependent. Forward quadrant high 
frequency spectra are all flight amplified and low frequency are lowered. 

4. 1.2. 3 Diagnostic Data Presentation 

As an indication of simulated- flight effects on jet plume characteristics. 
Figures 4-35 and 4-36 compare select laser velocimeter mean velocity traces for 
static and flight operation of Configuration TE-1 at takeoff. The axial traces 
of Figure 4-35, along and parallel to the nozzle centerline at three radial 
locations, in general show a stretching of the jet. This is due to reduced 
shear between the jet flow and the ambient medium. The mixing rates are 
lowered by flight motion and this tends to elongate or stretch-out the jet. 

Jet exit close proximity velocity levels are relatively unaffected, whereas 
higher velocity levels are maintained quite further aft. Figure 4-36, showing 
radial variations of mean velocity at select axial locations, mimics the trends 
of the axial traverse data, showing flight plume-velocity-levels to be near 
similar to static near the jet exhaust (with some slight peak variance possibly 
due to exact measurement location within the shock structure) and higher in 
level at all further aft locations. 

4. 1.2. 4 Aerodynamic Base Pressure/Chute Drag Comparisons; TE-1 to 

TIPI 


Figure 4-37 presents the Configuration TE-1 calculated thrust loss 
coefficient variance with outer stream pressure ratio (Refer to Section 4.7 for 
detailed method of calculation). Additionally, it compares Model 10.1 static 
data from Reference 8. The comparison indicates that the two model designs are 
essentially compatible in ability to ventilate the chute base region and, 
therefore, have near similar levels of thrust loss due to chute base drag. 
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AT CUTBACK, INTERMEDIATE, AND TAKEOFF CYCLE 
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FIGURE 4-33 CONFIGURATION TE-1 STATIC-TO- FLIGHT NORMALIZED SPECTRA COMPARISONS AT 
INTERMEDIATE, 9 T =60°, 90°, AND 130° 
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FIGURE 4-35 AXIAL VARIATION OF THE MEAN VELICITY (AXIAL COMPONENT) IN 

THE PLUME OF CONFIGURATION TE-1 AT TAKEOFF CONDITION, STATIC 
VS. FLIGHT, TEST POINTS 1009 AND 1010 
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4.2 OVERVIEW OF TREATED EJECTOR APPLICATIONS EFFECTIVENESS 


The previous section summarized acoustic performance of the baseline 
20-chute coannul ar nozzle and reviewed previously accumulated reference 
conical nozzle data; both for the purpose of establishing baselines to which 
ejector and special study acoustic measurements could be referenced. Later 
report sections discuss detailed analyses of various acquired data bases to 
establish the impact of ejector geometric variations on performance. This 
section, however, is intended as an overview, i.e., a brief summary 
establishing ejector maximum effectiveness and presenting trends of 
performance for ejector system design variables. The design variables 
overviewed will include ejector axial location, treatment design, ejector 
length, and extent of treatment application within the ejector/plug flowpaths. 

4.2.1 Ejector System Maximum Effectiveness 

Ejector geometry and treatment design variations were limited to the 
extent accomplishable within eight model test configurations. Variables 
investigated were, therefore, "optimized" only within the limited range of 
geometry and design tested. Two axial locations, SI and S2, and two treatment 
designs, T1 and T2, were tested. Extended axial location, S2, and less dense 
treatment, T2, were judged optimum and maintained for all further test 
configurations. Verification of these selections will be accomplished by data 
presentations in later report sections. The later test configurations varied 
ejector length, LI -nominal and L2-extended, and region of treatment 
application, i.e., a) hardwall-no treatment applied, b) treated ejector 
flowsurface only, and c) treated ejector and plug flowsurfaces; these 
variations intended to isolate the individual sources of ejector acoustic 
effectiveness. 

The LI ejector length duplicated the full scale study nozzle design 
length. Reference Figure 2-1 of Section 2.1, however, in model size the 
treatment application was not feasible along its entire length, as the full 
scale study nozzle called for, due to thin-walled closure. A longer ejector, 
L2, was therefore tested to extend length beyond that allowed in the full 
scale nozzle. It was anticipated that additional length would allow greater 
suppression due to more extensive physical shielding and greater area of 
treatment application. If so, a practical design may precipitate from further 
noise/weight/performance trade studies. The L2 ejector applied treatment to a 
length equivalent to the entire ejector length of the LI model. Untreated 
closure length of the ejector was similar to that of the shorter system, 
therefore, total length increased 24%. 

In final analysis, the L2 ejector system in the TE-8 configuration with S2 
ejector-axial positioning and with T2 treatment applied to ejector and plug 
flowsurfaces, was most effective in suppression. Its characteristics are 
summarized in terms of normalized peak OASPL and PNL plus EPNL in Figure 4-38, 
4-39 and 4-40, respectively. If reviewed at nominal takeoff and cutback 
cycles, i.e., at jet velocity parameter of approximately 3.1 and 2.15, 
suppression performance relative to the reference conical nozzle can be 
summarized as follows; suppression levels for the baseline unejected TE-1 
configuration are also included: 
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NORMALIZED PEAK OVERALL SOUND PRESSURE LEVEL, OASPLN, dB 
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FIGURE 4-38. NORMALIZED PEAK OASPL AS A FUNCTION OF JET VELOCITY 
PARAMETER FOR COMPARISON OF CONFIGURATION TE-1 AND 
TE-8 TO SHOW EJECTOR MAXIMUM EFFECTIVENESS, STATIC 
AND SIMULATED-FLIGHT. 
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NORMALIZED PEAK PERCEIVED NOISE LEVEL, PNLN, PNdB 
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FIGURE 4-39. NORMALIZED PEAK PNL AS A FUNCTION OF JET VELOCITY PARAMETER 
FOR COMPARISON OF CONFIGURATION TE-1 AND TE-8 TO SHOW 
EJECTOR MAXIMUM EFFECTIVENESS, STATIC AND SIMULATED-FLIGHT 
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NORMALIZED EFFECTIVE PERCEIVED NOISE LEVEL, EPNLN, dB 



JET VELOCITY PARAMETER, 10L0G 10 (Vj / a amb ) 


FIGURE 4-40. EPNL CORRELATION WITH JET VELOCITY PARAMETER FOR COMPARISON 
OF CONFIGURATION TE-1 AND TE-8 TO SHOW EJECTOR MAXIMUM 
EFFECTIVENESS 
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Review of the above figures and table yields the following interesting 
observations: 


o At takeoff cycle, peak PNL suppression referenced to the conic nozzle is 
11.4 APNdB, a very significant 4.8 A PNL greater than the baseline 
20-chute suppressor. 

o At the 400 ft/sec simulated-flight speed and 2400 ft. sideline 
distance, the A PNL values translate into 4.6 AEPNL for the TE-1 
baseline and 9.8 AEPNL for the suppressor/ejector system, an addition 
of 5.2 A EPNL attributable to the treated ejector/ treated plug system. 

o Ejector performance at lower velocity, i.e., cutback cycle, is even more 
significant, 6.8 Apeak PNL and 6.3 AEPNL relative to the TE-1 
performance. The retention of acoustic suppression effectiveness to 
very low operating cycles is uncharacteristic of most mechanical jet 
noise suppressor (unejected) systems previously investigated. Most 
have followed the pattern exhibited by the TE-1 nozzle, where 
suppressor absolute noise levels approach those of the reference conic 
nozzle at low jet velocity. Retention of suppression at low cycles 
offers a significant advantage for quiet part power, e.g., cutback, 
operation. 

o Comparing static to flight performance on a peak PNL basis. Figure 
4-39, the TE-8 ejector system does not lose suppression nearly as 
rapidly as the TE-1 baseline nozzle. For example, at takeoff, the TE-1 
suffers 4.0 A PNL static-to-fl ight loss and the TE-8 loses only 0.6 A 
PNL. At cutback, similar comparisons show 5.2 and 3.5 A PNL losses for 
TE-1 and TE-8, respectively. 

Inspection of PNL directivity patterns and spectral content aid in 
understanding ejector peformance characteristics. Figures 4-41 through 4-44 
present static and simulated-flight normalized PNL and normalized spectra at 
takeoff and cutback cycles. Review indicates: 

o At takeoff, per Figure 4-41, peak static PNL levels are near similar, 
however, the ejector alters the directivity pattern significantly, 
moving the peak from near 100° for the unejected to 130°/140° for the 
long ejector. Simulated-flight, Figure 4-42, lowers ejector noise 
levels substantially further than the TE-1 nozzle, allowing significant 
peak noise reduction of approximately 4.8 A PNL due to ejector 
application. Of primary significance is the high level of forward 
quadrant suppression afforded by the ejector, both static and flight. 
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FIGURE 4-43. PNL DIRECTIVITY AND SPECTRA COMPARISON AT =60 , 90 u , AND 130, CUTBACK, STATIC 
FOR COMPARISON OF CONFIGURATION TE-1 AND TE-8 













per Figures 4-41 and 4-42. The basic unejected suppressor 
significantly lowers the forward quadrant shock noise content relative 
to the conical nozzle, approximately 3 dB at = 60°. The ejector, 
however, further reduces shock and jet mixing noise by a substantial 5 
to 7 A PNL. 

o At cutback cycle. Figures 4-43 and 4-44, the ejector allows an 

additional 4.0 peak PNL suppression statically and approximately 6.0 in 
flight, again beyond that exhibited by the 20-chute suppressor. 

Forward quadrant suppression is again significant and of magnitude 
similar to the takeoff cycle. The flight TE-8 noise levels are reduced 
below that of the conic whereas the unejected TE-1 model was noisier 
than the conic baseline. 

o Review of spectral content shows that the 20-chute TE-1 suppressor 
substantially reduces the low and mid-range frequency levels relative 
to the conic nozzle. It, however, has little effect on the high 
frequency energy as the multi -jet segmentation transfers energy to the 
high frequency range, characteristic to the dimensions of the smaller 
segmented jets. 

On occasion, such as cutback cycle of Figure 4-43, high frequency energy 
levels exceed that of the conical nozzle. The 20-chute suppressor is very 
effective in reducing the takeoff cycle conic nozzle shock noise as seen in 
Figure 4-41. In itself, it still exhibits slight shock noise, but in a much 
higher frequency range, more characteristic of the smaller dimensions of the 
segmented jet. No low frequency shock noise is seen in the TE-1 spectra as no 
post-merged stream shock structure is present in the jet plume past the 
nozzle's plug tip region, verified by shadowgraph photographs within CDR 
Volume II. 

Application of the TE-8 ejector, reference to all spectra plots of Figures 
4-41 through 4-44, is seen very effective in reducing the high frequency 
content of the 20-chute suppressor nozzle. The high frequency noise sources, 
due to jet segmentation, are sufficiently contained within the ejector to 
allow treatment effectiveness. In itself, however, a hardwall ejector, due to 
physical shielding and noise redirection, lends to a major portion of the 
ejector's effectiveness, as will be seen later. 

Of further aid in understanding ejector application effectiveness are the 
laser velocimeter plume surveys of Figures 4-45 and 4-46. Figure 4-45 
displays normalized mean velocity data acquired during axial traverses within 
the plume of Configurations TE-1 and TE-8 at takeoff cycle. Traces are at 
radial locations of a) centerline, b) 1.54", c) 3.07" and d) 4.09/4.22" for 
R/R s values of 0, .3, .6 and .79/. 82, respectively. Figure 4-46 presents 
normalized mean velocity data acquired during radial traverses at various 
axial locations, as noted on the figure. From the axial traverses at R/Rg = 
.79/. 82, it it seen that the unejected plume decays quite rapidly by nature of 
free-mixing with ambient air. The ejected plume also decays quite rapidly 
within the length of the ejector, but not to the level of the free mixer. The 
higher velocity of the ejector plume persists for quite some distance before 
decaying to similar levels at far aft distances. These results indicate that 
forced mixing of ejected ambient air does not readily occur within the ejector 
and does not allow substantially reduced mean velocity at the ejector exit. 
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FIGURE 4-45. AXIAL VARIATION OF THE. MEAN VELOCITY (AXIAL COMPONENT) IN 

The PlUME Of CONFIGURATIONS TE t AND TE-8 AT TAKEOFF, STATIC, 
TEST POINTS 1009 AND 8009, FOR COMPARISON OF EJEClUR AkPliCATION 
TO 20-CHUTE NOZZLE 
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APPLICATION TO 20-CHUTE NOZZLE 







Enhanced mixing was initially anticipated to occur and would be accompanied 
by lower levels of jet mixing noise. The somewhat higher velocity levels are 
felt to account for the aft quadrant (Figure 4-41, = 130°) noise increase 

in low-to-mid frequency range. 

Axial traces at R/R| = .3 and at centerline show unejected and ejected 
plumes to be of identical velocity levels, again indicating no forced mixing 
of ambient air to the center of the jet. 

Review of the Figure 4-45 radial traverses fairly well substantiates the 
axial traverse data. At the first comparison location, approximately 1/8" aft 
of the ejector exit, the TE-8 velocity levels are somewhat below those of 
TE-1 . At further aft locations, all peak velocity levels are above those of 
the TE-1 and near-centerline levels are fairly similar. The lower initial 
levels of TE-8 may be measurements within an area of shock structure at the 
ejector exit. Review of shadowgraph photographs within CDR Volume II shows 
presence of shock at the ejector exit for the takeoff cycle operation. 

4.2.2 Ejector Axial Spacing Variation 

Configurations TE-5 and TE-9 varied ejector axial spacing, within a 
nominal length, LI, ejector system using T1 treatment design applied to 
ejector and plug flowsurfaces. The SI ejector setback distance (1.484" model 
seal e/1 1.0" full scale) was compatible with the original full scale design of 
Figure 2-1, Section 2.1. The S2 position (2.496" model scale/18.5" full 
scale) was that found optimum among the locations tested for aerodynamic 
performance at takeoff cycle pressure ratio during conduct of the NAS3-23038 
wind tunnel test effort (Reference 1). Details of the many acoustic data 
comparisons are found in Section 4.3. 

Acoustic performance comparisons on the basis of peak normalized OASPL and 
PNL, static and simulated-flight, are presented in Figure 4-47 and 4-48; 
accompanied by the TE-1 and reference conic nozzle baseline data. SI setback. 
Configuration TE-5, is normally slightly less efficient in suppression for 
lower velocity conditions and is particularly poorer at higher cycle 
conditions when evaluated on a PNL basis. At takeoff cycle, nearly 2 dB 
increased suppression is noted for static and 1 dB for flight PNL by using the 
S2/TE-9 ejector position. 

Laser velocimeter plume measurement comparisons for the two ejector 
locations are shown for the static takeoff cycle in Figure 4-49 and 4-50 and 
for the simulated flight takeoff cycle in Figures 4-51 and 4-52. Note that 
these comparisons are for Configurations TE-5 (SI) and TE-4 (S2), not for 
TE-9; however, the only variances between TE-9 and TE-4 is treatment design, 
not anticipated to influence plume mixing and decay characteristics. 

The axial traverses. Figures 4-49 and 4-51, particularly at R/Rg = .3 and 
.6 locations, indicate that a) the initial velocity at the ejector exit for 
the SI spacing is somewhat higher than for the further aft S2 position, and 
the higher velocity levels continue for a substantial distance downstream, b) 
mild shock structure is present in the plume aft of the ejector exit for the 
tigher-spaced ejector. This is as observed in shadowgraph photographs 
included in CDR Volume II. The centerline-plume decay rates are similar for 
both ejector locations. 
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FIGURE 4-47. NORMALIZED PEAK OASPL AS A FUNCTION OF JET VELOCITY PARAMETER, STATIC 

AND SIMULATED-FLIGHT, FOR COMPARISON OF EJECTOR SETBACK, SI -CONFIGURATION 
TE-5 VERSUS S2-C0NFIGU RATION TE-9 

159 
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FIGURE 4-48 NORMALIZED PEAK PNL AS A FUNCTION OF JET VELOCITY PARAMETER, STATIC 
AND SIMULATED-FLIGHT, FOR COMPARISON OF EJECTOR SETBACK, 
SI-CONFIGURATION TE-5 VERSUS S2-C0NFIGURATI0N TE-9 
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FIGURE 4-50 RADIAL VARIATION OF THE MEAN VELOCITY (AXIAL COMPONENT) IN THE PLUME OF 
rnwPTniiDflTTnNQ tf_a sl tf_f at taktoff rnwnTTTnw <;tattp tfst point'; 
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FIGURE 4-51 AXIAL VARIATION OF THE MEAN VELOCITY (AXIAL COMPONENT) IN THE 

PLUME OF CONFIGURATIONS TE-4 & TE-5 AT TAKEOFF, SIMULATED-FLIGHT, TEST 
POINTS 4010 & 5010, FOR COMPARISON OF EJECTOR SETBACK SI & S2 
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The radial cross section mean velocity traverses substantiate the axial 
traverses; i.e. , peak velocity levels are normally considerably higher for the 
TE-5 configuration and near-centerline levels are similar for both 
configurations. 

As seen in later Section 4.3 Figure 4-75, aerodynamic performance in the 
form of ACfg attributable to chute base drag is dramatically improved for the 
S2 ejector location. The aft ejector location allows for improved chute 
ventilation, decreased base drag and, therefore, less Cfg degredation. 

In summary, the aft ejector S2 location is both aerodynamical ly and 
acoustically superior to the closer SI spacing. 

4.2.3 Treatment Design Variation 

Within the fully treated ejector/plug system of LI ejector length, two 
variations of treatment design were investigated. The selections were made 
with the intent of achieving acoustic resistance of approximately 1 ec and 
reactance as close to zero as possible in the frequency range of interest for 
the temperature and pressure of the test conditions. Because the test 
conditions within the ejector depended upon the simulated engine power 
setting, two treatment designs were selected to achieve or bracket the 
intended values of acoustic impedance. In both cases, the nominal thickness 
of the model treatment in the full-depth regions was 1.016 cm (0.4 inch). The 
first design, treatment Tl, used an Astroquartz density of 0.0401 gm/cc (2.50 
lb/cu. ft.) and the second, treatment T2, used 0.0160 gm/cc (1.00 Ib/cu. 
ft.). The laboratory values of D.C. flow resistance for these two designs 
were 41.0 and 12.5 Rayls (cgs), respectively. Details of ejector and plug 
surface "tray packing" to achieve Tl and T2 treatment designs are described in 
Section 3.2.2 and in particular in Figure 3-32. 

For direct comparison of treatment effectiveness. Configurations TE-9 and 
TE-4 were evaluated, each using the LI ejector system at S2 ejector spacing. 
Treatments Tl and T2 were alternately applied to effect Configurations TE-9 
and TE-4, respectively. Application was to the full ejector flowsurface as 
well as to the plug. Details of various data comparisons are found in Section 
4.3. 


Overview data comparisons in terms of peak OASPL and PNL, static and 
flight, are presented in Figures 4-53 and 4-54. On an OASPL basis, static and 
flight, T2 performs very similar to Tl , showing only very slight improvement 
at the higher velocity region. On a PNL basis, statically Tl and T2 perform 
nominally similar for all cycle conditions. In simulated-flight, T2 is seen 
more effective by approximately 1 A PNL near the takeoff cycle point. 

More detailed comparisons within Section 4.3 will view impact of treatment 
design on spectral suppression, directivity alterations, and changes in 
effectiveness of flight relative to static. An example of treatment 
effectiveness on spectral suppression is shown in Figure 4-55 for the takeoff 
cycle during static and simulated-flight operation. The graph exhibits the 
effect of treatment only, comparing TE-9 and TE-4 spectra directly to those of 
TE-2, the hardwall plug/hardwall ejector system. Treatment effectiveness is 
seen primarily in the 500 to 8 KHz frequency range with shapes of 
effectiveness patterns being fairly similar for both treatments. In this 
takeoff case, the T2 treatment shows slightly greater suppression for static, 
whereas, in flight, the Tl treatment is slightly more effective. 
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FIGURE 4-53 NORMALIZED PEAK OASPL AS A FUNCTION OF JET VELOCITY PARAMETER 
STATIC AND SIMULATED-FLIGHT, FOR COMPARISON OF TREATMENT Tl- 
CONFIGURATION TE-9 TO TREATMENT T2-C0NFIGURATI0N TE-4 
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FIGURE 4-54 NORMALIZED PEAK PNL AS A FUNCTION OF JET VELOCITY PARAMETER 
STATIC AND SIMULATED-FLIGHT, FOR COMPARISON OF TREATMENT T1 
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FIGURE 4-55. TREATMENT EFFECTIVENESS, T1 & T2 VS HARDWALL, AS A FUNCTION OF 1/3-OCTAVE BAND FREQ. 
AT TAKEOFF, STATIC AND SIMULATED-FLIGHT, 9 T = 60°, 90°, and 130° 







Later results will also show the T1 and T2 treatments equally effective on 
an EPNL basis. In summary, T1 versus T2 treatment selection was not a 
critical parameter in providing total ejector system acoustic effectiveness. 


4.2.4 Ejector Length Variation 

Ejector length was varied within three comparative model sets, i.e., a) 
hardwal 1 ejector and plug systems using TE-2 and TE-10, b) treated-ejector- 
surface systems using TE-3 and TE-7, and c) fully treated ejector/plug systems 
using TE-4 and TE-8. All ejector axial locations for these models were set at 
the S2 extended position. The LI -nominal length ejector was 8.68" long 
model -scale and was scaled from the full scale nozzle design of Reference 1 
shown in Figure 2-1. It had acoustic treatment application over approximately 

70% of its flap length. The L2-extended length ejector was 10.8" long 

model -scale and had treatment applied to a length equivalent to the full flap 
length of the LI ejector system, for an increase in treated surface area of 
approximately 35%. 

As discussed in detail within Section 4.5, primary effectiveness of the 
extended length system was seen in the forward quadrant with up to 3 APNL 
additional suppression gained for the takeoff case at 0^ = 60° due to ejector 
length increase, for both static and flight. In most cases, added length was 
most beneficial in the fully treated plug/ejector system. At broadside, e.g., 

&I = 90°, the longer ejector showed only slight improvement and only for the 

fully treated system. At the Oj = 130° aft quadrant location, all three long 
ejector systems created noise levels in excess of the shorter ejectors, by up 
to 1 to 1.5 APNL. 

Peak noise level comparisons are shown in Figure 4-56 and 4-57 for 
normalized OASPL and normalized PNL, static and flight, for the TE-4 and TE-8 
model set. The comparisons show mostly mixed results relative to length 
effectiveness for the aft quadrant peak noise levels. Peak PNL is, however, 
reduced by approximately 1.5 APNL near takeoff cycle. 

On a spectral suppression basis, the longer ejector normally increases low 
frequency noise levels by 1 to 2 dB for 50 to 500 Hz. This can be correlated 
to LV plume decay data which show mean velocity to decay less rapidly for long 
ejectors than for short ejectors, thereby allowing longer zones of turbulent 
mixing noise generation of low frequency. Maximum spectral suppression due to 
ejector length is in the forward quadrant for the frequency range of 800 to 8 
KHz, reaching suppression of 6 to 8 A dB near 2 KHz. 

On the basis of aerodynamic performance, the extended length ejector 
system's thrust loss attributable to chute base drag is significantly below 
that of the nominal length ejector, indicating that it has better pumping/ 
ventilating characteristics which raise chute base pressure and lower base 
drag. 
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FIGURE 4-56 NORMALIZED PEAK OASPL AS A FUNCTION OF JET VELOCITY PARAMETER 
STATIC AND SIMULATED-FLIGHT, FOR COMPARISON OF EJECTOR LENGTH, 
LI -CONFIGURATION TE-4 VERSUS L2-C0NFIGURATI0N TE-8 
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FIGURE 4-57 NORMALIZED PEAK PNL AS A FUNCTION OF JET VELOCITY PARAMETER, 
STATIC AND SIMULATED-FLIGHT, FOR COMPARISON OF EJECTOR LENGTH 
LI -CONFIGURATION TE-4 VERSUS L2-C0NFIGURATI0N TE-8 







4.2.5 Extent of Treatment Application Within the Plug/Ejector System 

The ejector system's acoustic effectiveness can be attributed to three 
individual sources, i.e.: 

a. application of hardwall ejector 

b. application of treatment to the ejector inner flowsurface, and 

c. application of treatment to the plug surface, in conjunction with the 
ejector treatment. 

The extended length, L2, and nominal length, LI, ejector sets, comprised 
of Configurations TE-7, TE-8, TE-10 and TE-2, TE-3, TE-4, respectively, 
allowed for evaluation of these individual suppression sources within two 
ejector length systems. Detailed data are presented and discussed in Section 
4.4. 


Static and flight peak PNL comparisons for the extended length ejector in 
Figure 4-58 are good examples of trends exhibited by more detailed data 
comparisons. They indicate that a) hardwall and treatment applications are 
more effective for flight PNL and in the low-to-moderately high velocity 
range, b) the hardwall ejector application, TE-10, provides a significant 
portion of the ejector system's aft quadrant PNL suppression effectiveness in 
flight and a small portion statically, c) application of treatment to the 
ejector inner flowsurface, TE-7, very effectively further reduces PNL levels 
except at high cycle conditions, and d) further treatment application to the 
plug surface, TE-8, allows still further static and primarily flight PNL 
reduction. 

A broader view of individual source effectiveness is seen in Figure 
4-59 's A PNL suppression plot. This figure compares the extended and nominal 
length ejector configurations directly to the baseline TE-1 configuration, 
showing PNL suppression as a function of 0j for three cycle conditions of 
cutback, intermediate and takeoff at simulated-flight. The A's represent 
incremental changes in suppression due to a) hardwall ejector applications, b) 
treated ejector applications, and c) treated ejector/ treated plug applications. 
When comparing effectiveness between individual lines on the graph, 
incremental changes can be seen for a) treatment application to ejector 
surface relative to hardwall, and b) treatment application to the plug surface 
relative to treated ejector flowsurfaces only. The graphs reveal: 

o The hardwall ejector, due to its physical shielding, provides the major 
portion of the ejector system's suppression effectiveness. In itself, 
it contributes substantially in both forward and aft quadrant 
suppression. Loss of effectiveness, particularly in the aft peak noise 
quadrant, is at the higher jet velocity takeoff cycle. Absolute levels 
of inlet quadrant suppression are normally somewhat greater than 
broadside and aft quadrant, particularly as the cycle is increased from 
cutback to takeoff. Of major significance is that the forward radiated 
jet noise is still reduced substantially at all cycle conditions, even 
though aft quadrant suppression levels diminish. 
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FIGURE 4-58 NORMALIZED PEAK PNL AS A FUNCTION OF JET VELOCITY PARAMETER, 
STATIC AND SIMULATED-FLIGHT, FOR IDENTIFICATION OF INDIVIDUAL 
SUPPRESSION SOURCE EFFECTIVENESS, CONFIGURATIONS TE-7, TE-8, 
AND TE-10. 
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o Application of treatment to the ejector Inner flowsurface Is primarily 
effective within the extended length ejector, effectiveness being 
marginal within the nominal length ejector as many of these data 
comparisons show minimal to no Increase In A PNL when the single 
surface treatment Is added. For the extended length ejector system, 
the single surface treatment, however, Is seen primarily effective on 
forward angle radiated noise suppression, peak noise angles being 
minimally effected. 

o Addition of further treatment to the plug surface significantly 
Improves suppression of both LI and L2 systems, the magnitude of 
Improvement varying with cycle as Internal flow conditions change, but 
showing no trend to implicate either ejector length or cycle as a 
dependent variable regulating Improvement. The plug surface treatment 
again Is more beneficial to forward quadrant suppression, aft quadrant 
peak noise being reduced just slightly further. In general, the 
conclusion can be drawn that plug surface treatment improves acoustic 
performance by a noteworthy amount, however, levels and trends are not 
easily predictable from the data comparisons. 

4.3 VARIATIONS OF EJECTOR AXIAL SPACING AND TREATMENT DESIGN 

Reference to Section 4.0 and Figure 4-1 Indicates that chronology of tests 
was developed In order to reflect optimum ejector setback and treatment design 
during conduct of the test series. Optimum in these analyses are Interpreted 
as "best between set comparlons", SI to S2 and T1 to T2, not absolute optimum 
available. The selections of optimum were to be made based on evaluation of 
on-line model size OASPL and spectra, the final full scale spectra and PNL 
values not being available in real-time. The test chronology and selections 
of optimum proceeded as follows: 

o TE-5, Ejector LI of treatment T1 at axial spacing SI 

o TE-9, Ejector LI of treatment T1 at axial spacing S2 

o TE-4, Ejector LI of treatment T2 at axial spacing S2 

From Configurations TE-5 and TE-9, varying ejector axial spacing, the 
on-line acoustic data indicated slightly better suppression performance for 
the S2 ejector positioning, thus it was retained for all further testing. 

From Configuration TE-9 and TE-4, varying ejector treatment design, the 
on-line acoustic data indicated slightly better performance for T2 treatment, 
thus this design was retained for all further testing. This report section 
presents final scaled, flight transformed (where applicable), extrapolated 
data comparisons for these three configurations to substantiate whether 
initial selections of S2 and T2 were accurate. In retrospect, the final 
processed data bear out the on-line selections and verify that a) S2 ejector 
setback is superior in both acoustic suppression and aerodynamic performance 
above the SI location, and, b) T1 versus T2 treatment designs present mixed 
results, in some areas the T1 showing slightly increased suppression and in 
other areas T2 being slightly superior. 

4.3.1 Acoustic Data Presentation and Evaluation 


Examination of acoustic data is introduced with comparisons of normalized 
PWL for static and flight in Figure 4-60. Using this overview parameter, the 
conclusions are: '* 
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FIGURE 4-60. NORMALIZED PWL AS A FUNCTION OF JET VELOCITY PARAMETER FOR COMPARISON 
OF EJECTOR SETBACK, SI VS. S2, AND EJECTOR/PLUG TREATMENT, T1 vs. T2; 
STATIC & SIMULATED FLIGHT 
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o Ejector setback S2 allows more efficient suppression over SI, the trend 
maintained for all cycle conditions and for both static and flight. 

o Ejector treatments T1 and T2 are marginally similar for static, the T1 
showing less than .5 dB greater suppression, however, in flight PWL 
suppression is more efficient using T2 design, particularly at high Vi 
values with approximately .7 dB A at takeoff. J 

Further acoustic performance comparisons are presented for OASPL and PNL, 
static and flight, in Figures 4-61 through 4-64. Each of these graphs 
presents = 60°, 90°, 130° and peak values for TE-5, TE-9 and TE-4. 
Additionally, each contains conic nozzle and TE-1 baseline data. Scanning the 
graphs for comparisons of TE-9 versus TE-5 indicates: 

o SI setback, TE-5, is normally slightly less efficient at low jet 
velocity settings for all parameter comparisons and is particularly 
poorer at higher cycle settings when evaluated on PNL basis. At 
takeoff cycle, nearly 2 dB increased suppression is noted for static 
and 1 dB for flight PNL using the S2/TE-9 ejector position. 

Examining the same graphs for comparisons of TE-4 to TE-9 concludes: 

o On an OASPL basis, static and flight, T2 performs very similar to T1 , 
showing only very slight improvement for most angles in the higher 
velocity region. This would be expected as the treatment is designed 
primarily for high frequency suppression, normally beyond peak 
frequency of jet-controlled spectra where little impact on OASPL is 
expected. 

o On a PNL basis, statically T1 and T2 perform nominally similar for all 
angles at all cycle conditions. In flight, T2 is seen more effective 
only at forward quadrant and peak values and then by 1 or less A PNL. 

More detailed comparisons of data on a directivity basis are shown in 
Fiures 4-65, 4-66 and 4-67 for three cycle points of cutback, intermediate and 
takeoff, respectively. Each graph presents both normalized OASPL and PNL 
versus angle relative to inlet, &J, and for both static and flight. TE-1 and 
conic nozzle baselines at similar cycle conditions are also included. 

Detailed review of ejector setback comparisons of TE-9 versus TE-5 indicate: 

o For all comparisons, the S2 setback's suppression exceeds that of SI, 
particularly so for the high jet velocity takeoff cycle. At takeoff, 
the S2 improvement is exemplified by a A plot in Figure 4-68. The 
figure shows improved PNL and OASPL suppression as a function of for 
S2 spacing for both static and flight. 

Examining the same Figure 4-65 through 4-67 graphs for comparison of TE-4 
to TE-9 for treatment effectiveness indicates: 

o Mixed regions of effectiveness for optimizing T1 versus T2. 

o At cutback and intermediate, statically T1 and T2 perform similarly; 
in-flight, T1 is slightly more efficient for OASPL and PNL. 

o At takeoff, T2 is slightly more efficient statically and T1 is slightly 
superior in flight; each on both PNL and OASPL. 
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FIGURE 4-62. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR COMPARISON 
OF EJECTOR SETBACK, SI vs S2. AND EJECTOR/ PLUG TREATMENT, T1 vs T2; 
SIMULATED FLIGHT, AT 0 T = 60°, 90°, 130° & PEAK VALUE 
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FIGURE 4-63. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR COMPARISON 
OF EJECTOR SETBACK, SI vs S2, AND EJECTOR/PLUG TREATMENT, T1 vs T2; 
STATIC, AT 0^60°, 90°, 130°, AND PEAK VALUE 
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NORMALIZED PERCEIVED NOISE LEVEL, PNLN, PNdB 
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FIGURE 4-65 STATIC AND SIMULATED-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT CUTBACK FOR 
COMPARISON OF EJECTOR SETBACK, SI vs S2, AND EJECTOR/PLUG TREATMENT, T1 vs T2 
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FIGURE 4-67. STATIC AND SIMULATED-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT TAKEOFF FOR 
COMPARISON OF EJECTOR SETBACK, SI VS S2, AND EJECTOR/PLUG TREATMENT, T1 VS T2. 
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FIGURE 4-68. PNL AND OASPL SUPPRESSION BENEFIT OF EJECTOR SETBACK, S2 VS SI, 
AT TAKEOFF, STATIC & SIMULATED-FLIGHT 
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In the previous comparisons of OASPL and PNL directivities 
for SI versus S2 and T1 versus T2, the largest variations for the three cycle 
conditions were seen at takeoff. Figures 4-69 and 4-70 present spectra 
comparisons at that condition, for static and flight, respectively. The 
figures exemplify select angles of = 60°, 90° and 130°. Observations from 
these data are: 

o TE-5 spectra for SI spacing are significantly above the 
levels of TE-9 with S2 spacing, for all three angles, 
static and flight; therefore, again indicating S2 as more 
effective. 

o Low frequency humps occur for TE-5, levels being 

substantially above those of the TE-1 baseline unejected 
model, indicative of potential induced shock noise. The 
peaks, particularly in the forward quadrant, are well 
above those of TE-9, although still slightly present in 
TE-9 spectra. 

o In comparing TE-4/T2 treatment versus TE-9/T1 treatment, 
the results bear out the observations made from the PNL 
and OASPL directivity graphs, i.e., statically the T2 
treatment is more effective, particularly in 
mid-to-high-frequency and at sideline to inlet angles. 
In-flight, the T1 treatment is slightly more effective in 
the mid-to-high-frequency spectra. 

To further exemplify the effect of treatment design. Figures 
4-71, 4-72 and 4-73 show treatment effectiveness as a function of 1/3-octave 
band frequency at cutback, intermediate and takeoff cycle cases, 
respectively. The graphs were developed to show the effect of treatment only, 
therefore, TE-9 and TE-4 spectra were compared directly to those of TE-2, the 
hardwall plug/hardwall ejector system. Each model was, therefore, of LI 
ejector length and S2 spacing; the only variation being application of either 
T1 or T2 treatment versus hardwall. 
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FIGURE 4-69. NORMALIZED SPECTRA AT 0 T =6O°, 90° & 130° FOR COMPARISON OF EJECTOR SETBACK, SI VS S2 
AND EJECTOR/PLUG TREATMENT, T1 VS T2, STATIC, AT TAKEOFF 




FIGURE 4-70 NORMALIZED SPECTRA AT 6 T =60°, 90° & 130° FOR COMPARISON OF EJECTOR SETBACK, SI VS S2, 
AND EJECTOR/PLUG TREATMENT, T1 VS T2. SIMULATED-FLIGHT, AT TAKEOFF. 
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FIGURE 4-73. TREATMENT EFFECTIVENESS, T1 & T2 VS HARDWALL, AS A FUNCTION OF 1 /3-OCTAVE BAND FREQ 
AT TAKEOFF, STATIC AND SIMULATED-FLIGHT, 0. = 60°, 90°, and 130° 






Data are presented at Dj = 60°, 90° and 130° and for static and flight; 
observations indicate: 

o In all cases, suppression of either T1 or T2 occurs primarily in the 
500 to 8 KHz frequency range; shapes of effectiveness patterns are 
generally the same for both. 

o Static results for all three conditions are generally a mixed choice 
of optimal effectiveness, both designs performing near similarly 
with the exception of slightly improved suppression for T2 at 
takeoff. 

o In-flight results for all three cycle points and at all three 

presented angles, however, show slightly increased effectiveness of 
the T1 treatment. 

A final acoustic comparison of the three models is presented in Figure 
4-74 as normalized EPNL variation against the jet velocity parameter. The 
EPNL calculations are based on the 2400 ft sideline PNL directivity patterns 
and are for a nominal aircraft (simulated-flight) speed of 400 ft/sec. 

Conical nozzle and baseline TE-1 data are included for reference. 

Observations elicit: 

o Comparison of S2/TE-9 versus Sl/TE-5 show the S2 setback superior to 
SI, by approximately 1 A EPNL at cutback and takeoff. 

o T1 and T2 treatments perform equally on the basis of EPNL. 

Laser velocimeter plume measurements for comparison of the two ejector 
axial locations were previously presented in Section 4.2's Figures 4-49 
through 4-52. The data indicated that a) the initial velocity levels at the 
ejector exit for SI spacing are somewhat higher than for the S2 position and 
the higher velocity levels persist for a substantial distance aft of the exit, 
and b) mild shock structure is present in the plume just aft of the SI -located 
ejector, however, none is seen in the S2-located ejector plume. These 
observations aid in understanding the source of higher noise levels for the SI 
positioned ejector model. 

4.3.2 Aerodynamic Performance Data 

As an indication of relative aerodynamic performance. Figure 4-75 
compares thrust loss due to base drag for the TE-4, TE-5 and TE-9 
configurations. Section 4.8, "Aerodynamic Performance Evaluation" describes 
how chute base pressure instrumentation is used to calculate base drag. This 
is subsequently used as an indication of thrust coefficient degredation, 
expressed as a percentage of outer stream (suppressor) ideal thrust. 
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FIGURE 4-74. EPNL CORRELATION WITH JET VELOCITY PARAMETER FOR COMPARISON 
OF EJECTOR SETBACK, SI VS S2, AND EJECTOR/PLUG TREATMENT, 

T1 VS T2. 
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VARIATION IN THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG 
AS A FUNCTION OF a) ADDITION OF EJECTOR TO BASELINE, AND 
b) EJECTOR AXIAL LOCATION; TE-1 , TE-5 AND TE-9 



Chute base drag is a major portion of the total thrust loss of mechanical 

chute suppressors. The base drag results from low static pressure on the 

chute surface, low pressure indicative of inability to well -venti 1 ate the 

chute. The Figure 4-75 comparison can be summarized as follows: 

o The unejected TE-1 configuration, trendwise, performs similarly to 
previous chute models by exhibiting substantially greater thrust loss 
in flight than statically. This results from the forward velocity over 
the chute tips not readily allowing flow to turn and ventilate the 
chute base area; thus causing lower base pressure and increased drag. 

o Application of TE-5 ejector with close, SI, spacing dramatically 
increases base drag, both static and in flight, resulting from poorer 
chute ventilation. Levels as high as 12.5% A Cf g static at cutback and 
4.6% at takeoff are seen. 

o Axially relocating the ejector to S2 location (18.5" full scale; 2.496" 
model scale) from the SI location (11" full scale; 1.484" model scale) 
allowed for substantial improvement in chute ventilation capability and 
decreased base drag to even below that of Configuration TE-1 in 
simulated-flight. A summarization at cutback and takeoff shows: 
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The ejector application, properly spaced, thus enhances flight 
aerodynamic performance in this V a / C 400 ft/sec operational range. 


4.4 RANKING OF INDIVIDUAL SUPPRESSION SOURCES OF EJECTOR APPLICATION 

This report section isolates the effectiveness of individual aspects of 
ejector/ treatment application to the primary 20-chute suppressor nozzle. 
Reference to Section 4.0 and in particular to Figure 4-1 indicates from the 
test chronology that two model sets were tested to isolate suppression 
sources, i.e.: 

o Extended length ejector set: TE-7, TE-8 and TE-10. 

o Nominal length ejector set: TE-2, TE-3 and TE-4. 

Within the comparisons for each test set was envisioned the capability of 
isolating effects of: 

o Application of hardwall ejector to primary nozzle system 
o Application of treatment to ejector inner flowsurface 
o Application of treatment to both the ejector and plug flowsurfaces 
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By comparison of test data among the three models of each set and then 
back to the reference TE-1 model, magnitudes of suppression attributable to 
each source were evactuated; results are discussed in this section. 

4.4.1 Overview of Individual Suppression Source Effectiveness 

As the primary gauge of acoustic effectiveness is PNL suppression, an 
overview of individual suppression source effectiveness can be gleaned by 
review of APNL comparisons in Figures 4-76 and 4-77. The two figures each 
compare the extended and nominal length ejector sets directly to baseline 
Model TE-1 on the basis of 2400' sideline PNL suppression as a function of 
angle to inlet, 0j. The first figure is a static data comparison and the 
second is for simulated-flight. Each figure presents data for the three cycle 
conditions of cutback, intermediate and takeoff. As the presented APNL's are 
directly in comparison to the TE-1 noise levels, they represent incremental 
suppression changes due to: 

a) Application of extended and nominal length hardwall ejectors 

b) Application of extended and nominal length treated ejectors while 
maintaining a hardwall plug surface. 

c) Application of extended and nominal length treated ejectors plus 
treatment to the plug surface. 

Comparison of a's between the individual lines on the graphs then 
represents the incremental changes in noise levels due to: 

a) Treatment application to the ejector surface relative to hardwall 

b) Treatment application to the plug surface relative to treated ejector 
flowsurface only. 

Review of the graphs reveals the following interesting results: 

o The hardwall ejector, due to its physical shielding, provides the 
major portion of the ejector system's suppression effectiveness. In 
itself, it contributes substantially in both forward and aft quadrant 
suppression, levels being fairly consistent from static to flight and 
with loss of effectiveness, particularly in the aft peak noise 
quadrant, at the higher jet velocity takeoff cycle. Absolute levels 
of inlet quadrant suppression are normally somewhat greater than 
broadside and aft quadrant, particularly as the cycle is increased 
from cutback to takeoff. Of major significance is that the forward 
radiated jet noise is still reduced substantially at all cycle 
conditions, even though aft quadrant suppression levels diminish. 

o Application of treatment to the ejector inner flowsurface is primarily 
effective within the extended length ejector, effectiveness being 
marginal within the nominal length ejector as many of these data 
comparisons show minimal to no increase in APNL when the single 
surface treatment is added. For the extended length ejector system, 
the single surface treatment, however, is seen primarily effective on 
forward angle radiated noise suppression, peak noise angles being 
minimally effected. 
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FIGURE 4-76. INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS ON PNL SUPPRESSION, STATIC, AT CUTBACK 
INTERMEDIATE AND TAKEOFF. 












CUTBACK, INTERMEDIATE AND TAKEOFF. 











o Addition of further treatment to the plug surface significantly 
improves suppression of both LI and L2 systems, the magnitude of 
improvement varying with cycle as internal flow conditions change, but 
showing no trend to implicate either ejector length or cycle as a 
dependent variable regulating improvement. The plug surface treatment 
again is more beneficial to forward quadrant suppression, aft quadrant 
peak noise being reduced just slightly further. In general, the 
conclusion can be drawn that plug surface treatment improves acoustic 
peformance by a noteworthy amount, however, levels and trends are not 
readily predictable from the data comparisons. 

A further overview parameter to gauge suppression source effectiveness is 
presented in Figure 4-78, i.e., normalized EPNL as a function of cycle 
operation. The EPNL values are based on 2400' sideline data with nominal 400 
ft/sec simulated flight speed. The top of the graph presents the extended 
length ejector set; TE-10, TE-7 and TE-8. The lower half presents the nominal 
length ejector $et, TE-2, TE-3 and TE-4. Conic nozzle and baseline TE-1 data 
are included. Relative to reviewing for ejector source effectiveness, these 
EPNL comparisons indicate: 

o For the extended length ejector, approximately 4.2 AEPNL is gained 
relative to the baseline suppressor at takeoff by application of the 
hardwall ejector. An additional 1.3 AEPNL suppression is gained by 
treating the ejector flowsurface, for an ejector/treatment system 
effectiveness of 5.5 AEPNL. Plug treatment is of no further benefit. 
Total suppression relative to the conical nozzle is 9.3 AEPNL. 

o The nominal length hardwall ejector at the same takeoff cycle afforded 
3.5 AEPNL suppression relative to the baseline suppressor. Addition 
of ejector flowsurface treatment further improved suppression by 0.5A 
EPNL, yielding a total of 4.0 AEPNL for the ejector/ treatment 
package. Plug treatment application is again of no further benefit. 
Total suppression relative to the conical nozzle is 7.8 AEPNL. 

o At cutback cycle, gain similar to takeoff is afforded by the hardwall 
ejector application, i.e., 4 AEPNL for both extended and nominal 
length systems. Ejector shell treatment improves the long ejector by 
about 2 A EPNL and the short ejector by about 1.5 A EPNL. Plug 
surface treatment is, however, effective at this cycle setting by 2 A 
EPNL for the long ejector and 0.5 AEPNL for the short ejector. Total 
suppression relative to the conic nozzle is 6.5 AEPNL for both systems. 

4.4.2 Detailed Data Comparisons Relative to Individual Suppression 
Source Effectiveness 


As mentioned previously, acoustic peformance can be gauged through 
comparison of a variety of noise parameters. Additionally, physical changes 
incorporated in ejector model variations often produce minor variations in 
acoustic levels and in many cases the changes are not methodically 
consistent. This is the case for analysis of individual suppression source 
effectiveness in this section. Therefore, the following text presents an 
array of detailed data comparisons, general review of the data then necessary 
to discern trends of effectiveness. The general trends are summarized after 
the data presentation. 
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JET VELOCITY PARAMETER, 10L0G( Vj ff /a amb ) 


FIGURE 4-78. EPNL CORRELATION WITH JET VELOCITY PARAMETER FOR INDIVIDUAL 
SUPPRESSION SOURCE EFFECTIVENESS, NOMINAL AND EXTENDED 
LENGTH EJECTOR SYSTEMS. 



4. 4. 2.1 Data Comparisons for the Extended Lenqth Eiector 
System: TE-7, TE-8 and TCTD 2 


The following data comparisons are included for the extended length, L2, 
ejector systems, comparing Configurations TE-10, hardwall, TE-7, treated 
ejector flowsurface, and TE-8, treated ejector and plug. The data graphs 
additionally include Configuration TE-1 baseline unejected suppressor and the 
reference conical nozzle. 

o Figure 4-79; Normalized PWL for static and flight as a function of 
cycle line of operation. 

o Figures 4-80 and 4-81; Normalized OASPL for static and flight, 

respectively, at Or = 60°, 90°, 130° and peak value, as a function of 
cycle line of operation. 

o Figures 4-82 and 4-83; Normalized PNL for static and flight, 

respectively, at = 60°, 90°, 130° and peak value, as a function of 
cycle line of operation. 

o Figures 4-84, 4-85 and 4-86; OASPL and PNL directivity for static and 
flight, for select cycle points of cutback, intermediate and takeoff. 

o Figures 4-87 through 4-92; 1/3-OBSPL spectra for static and flight, for 
select angles of 0} = 60°, 90° and 130°, for cutback, intermediate and 
takeoff cycle points. 

4. 4. 2. 2 Data Comparisons for the Nominal Lenqth Ejector 
System: TE-2, TE-3 and TF^T 

Similar to those for the extended length ejector system, the following 
data comparisons are included for the nominal length, LI, ejector system, 
comparing Configurations TE-2, hardwall, TE-3, treated ejector flowsurface, 
and TE-4, treated ejector and plug. As previously, the graphs include 
baseline unejected suppressor TE-1 and the reference conical nozzle. 

o Figure 4-93; Normalized PWL for static and flight as a function of 
cycle line of operation. 

o Figures 4-94 and 4-95; Normalized OASPL for static and flight, 

respectively, at Or = 60°, 90°, 130° and peak value, as a function of 
cycle line of operation. 

o Figures 4-96 and 4-97; Normalized PNL for static and flight, 

respectively, at &i = 60°, 90°, 130° and peak value, as a function of 
cycle line of operation. 

o Figures 4-98, 4-99 and 4-100; OASPL and PNL directivity for static and 
flight, for select cycle points of cutback, intermediate and takeoff. 

o Figures 4-101 through 4-106; 1/3-OBSPL spectra for static and flight, 
for select angles of Oj = 60°, 90° and 130°, for cutback, intermediate 
and takeoff cycle points. 
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NORMALIZED OVERALL POWER LEVEL, PWLN, dB 











NORMALIZED OVERALL SOUND PRESSURE LEVEL, OASPLN, dB 
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FIGURE 4-80. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS 
WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, STATIC, AT 6 T =60°, 
90°, 130° AND PEAK VALUE 1 
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1.0 1.5 2.0 2.5 3.0 3.5 

JET VELOCITY PARAMETER, 10L0G 1Q ( Vj /a am5 ) 

FIGURE 4-81. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS 
WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, SIMULATED- FLIGHT, 
AT 9 t =60°, 90°, 130° AND PEAK VALUE. 






NORMALIZED PERCEIVED NOISE LEVEL, PNLN, PNdB 



FIGURE 4-82. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS 
WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, STATIC, AT 01=60°, 
90°, 130° AND PEAK VALUE. 
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FIGURE 4-84. STATIC AND S I MUALTED- FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT CUTBACK FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN THE EXTENDED 
LENGTH EJECTOR SYSTEM. 
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ANGLE TO INLET, 0j, DEGREES 

FIGURE 4-85. STATIC AND SIMULATED-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT INTERMEDIATE FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN THE EXTENDED 
LENGTH EJECTOR SYSTEM 
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FIGURE 4-86. STATIC AND SIMULATED-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT TAKEOFF FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN THE EXTENDED 
LENGTH EJECTOR SYSTEM 
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FIGURE 4-87. NORMALIZED SPECTRA AT 0 T =6O°, 90°, AND 130 u FOR IDENTIFICATION OF INDIVIDUAL SUPPRESSION 
SOURCE EFFECTIVENESS WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, STATIC, AT CUTBACK 
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SOURCE EFFECTIVENESS WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, SIMULATED-FLIGHT 
AT CUTBACK 
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SOURCE EFFECTIVENESS WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, STATIC, AT INTERMEDIATE 
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FIGURE 4-90. NORMALIZED SPECTRA AT 9 1 =60 u , 90 , AND 130 u FOR IDENTIFICATION OF INDIVIDUAL SUPPRESSION 
SOURCE EFFECTIVENESS WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, SIMULATED-FLIGHT, 

AT INTERMEDIATE 
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1/3-OCTAVE BAND CENTER FREQUENCY, Hz 

FIGURE 4-91. NORMALIZED SPECTRA AT 0 T =6O°, 90°, AND 130° FOR IDENTIFICATION OF INDIVIDUAL SUPPRESSION 
SOURCE EFFECTIVENESS WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, STATIC, AT TAKEOFF 
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1 /3-OCTAVE BAND CENTER FREOUENCY, Hz 

FIGURE 4-92. NORMALIZED SPECTRA AT 0 T =6O°, 90°, AND 130° FOR IDENTIFICATION OF INDIVIDUAL SUPPRESSION 
SOURCE EFFECTIVENESS WITHIN THE EXTENDED LENGTH EJECTOR SYSTEM, SIMULATED-FLIGHT, 

AT TAKEOFF 
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FIGURE 4-94. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN 
THE NOMINAL LENGTH EJECTOR SYSTEM, STATIC, AT 9j=60°, 90°, 130° 

AND PEAK VALUE 
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FIGURE 4-95. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN 
THE NOMINAL LENGTH EJECTOR SYSTEM, SIMULATED FLIGHT, AT 9 T =60°, 90°, 
130°, AND PEAK VALUE 
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FIGURE 4-97. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS 
WITHIN THE NOMINAL LENGTH EJECTOR SYSTEM, SIMULATED- FLIGHT, 

AT 9t= 60°, 900, i3 0 o AND PEAK VALUE. 
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FIGURE 4-98. STATIC AND SIMULATED-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT CUTBACK FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN THE NOMINAL 
I FNGTH EJECTOR SYSTEM. 
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FIGURE 4-99 STATIC AND SIMULATED- FLIGHT DIRECTIVITY COMPARISONS OF QASPL AND PNL AT INTERMEDIATE FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN THE NOMINAL 
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FIGURE 4-100. STATIC AND SIMULATED- FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT TAKEOFF FOR 
IDENTIFICATION OF INDIVIDUAL SUPPRESSION SOURCE EFFECTIVENESS WITHIN THE NOMINAL 
LENGTH EJECTOR SYSTEM. 
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FIGURE 4-102. NORMALIZED SPECTRA @ 9t=60°, 90° AND 130° FOR IDENTIFICATION OF INDIVIDUAL SUPPRESSION 
SOURCE EFFECTIVENESS WITHIN THE NOMINAL LENGTH EJECTOR SYSTEM, SIMULATED- FLIGHT, AT 
CUTBACK. 
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FIGURE 4-104. NORMALIZED SPECTRA 0 0 I =6O°, 90° AND 130° FOR IDENTIFICATION OF INDIVIDUAL SUPPRESSION 
SOURCE EFFECTIVENESS WITHIN THE NOMINAL LENGTH EJECTOR SYSTEM, SIMULATED- FLIGHT, AT 
INTERMEDIATE. 
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FIGURE 4-105. NORMALIZED SPECTRA @ 01=60°, 90° AND 130° FOR IDENTIFICATION OF INDIVIDUAL SUPPRESSION 
SOURCE EFFECTIVENESS WITHIN THE NOMINAL LENGTH EJECTOR SYSTEM, STATIC, AT TAKEOFF. 
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4. 4. 2. 3 Review of Detailed Data Comparisons for Nominal 
and Extended Length Ejector Systems 

The power level graphs of Figures 4-79 and 4-93 show that total 
acoustic energy is reduced quite substantially by the hardwall ejector 
applications, i.e. , TE-10 and TE-2. In each comparison, however, the ejector 
treatment application, TE-7 and TE-3, decreased the level of PWL reduction to 
below that of the hardwall. Treatment on both surfaces, TE-8 and TE-4, 
further reduced the total acoustic energy to below that of the hardwall 
system. Changes of PWL are most dramatic at low to intermediate cycle points, 
compared to TE-1 unejected system, and diminish to minimal at highest cycle 
points. 

As the greatest benefit of ejector and treatment application is in the 
mid-to-high frequency regions of the spectra for most all presented 
comparisons. Figures 4-87 through 4-92 and 4-101 through 4-106, impact on PNL 
suppression is normally greater than on OASPL. However, as seen from many of 
the spectra plots, the effectiveness is sufficiently broad to extend to low 
frequency peaks which control OASPL, therefore, OASPL reduction is also 
significant. 

The most significant review of individual suppression source effectiveness 
is afforded by scanning the PNL and OASPL directivity plots for static and 
flight; Figures 4-84, -85 and -86 at cutback, intermediate and takeoff for the 
long ejector models and Figures 4-98, -99 and -100, similarly, for the shorter 
ejector models. In most all comparisons, the pattern of trends is consistent, 
i.e. : 

o Application of the hardwall ejectors substantially reduce both OASPL 
and PNL, both static and flight. Levels of reduction are most 
significant in the forward quadrant and broadside angles. 

o Applications of ejector and then plug treatments allow incremental 

steps of additional OASPL and PNL suppression, primarily in the forward 
and broadside angles for the long ejectors; aft angle levels being 
altered little. Levels at angles of peak noise, however, are still 
reduced by the treatment. For the shorter ejectors, these incremental 
steps of A OASPL and A PNL are much less than those of the extended 
length system and are not as systematically identifiable. 

o In most all comparisons, however, the fully treated ejector system is 
judged most effective on both OASPL and PNL bases. 
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4.5 EJECTOR LENGTH VARIATION 


This report section isolates the impact of ejector length variation. 
Reference to Section 4.0, and in particular Figure 4-1's test chronology, 
indicates that three model sets were tested within which ejector length 
variation may be influential. These were: 

o Hardwall ejector/plug systems: TE-2 of LI and TE-10 of L2 (Reference 
Figures 3-10 and 3-18). 

o Treated ejector flow surface systems: TE-3 of LI and TE-7 of L2 
(Reference Figures 3-11 and 3-15) 

o Fully treated ejector/plug systems: TE-4 of LI and TE-8 of L2 

(Reference Figures 3-12 and 3-16) 

Within the comparisons for each test set, the impact which ejector length 
variation has on acoustic and aerodynamic (base pressure) performance can be 
evaluated. All ejector axial locations were maintained at the S2 (extended) 
position , the optimum of the two locations evaluated; see Section 4.3 
"Variations of Ejector Axial Spacing and Treatment Design" for details. In 
review, the Ll-nominal length ejector was 8.68" long model-scale and was 
scaled from the full scale nozzle design of Reference 1, shown in Figure 2-1. 
It had acoustic treatment applied over approximately 70% of its flap length. 
The L2-extended length ejector was 10.8" long model -scale and treatment was 
applied to a length equivalent to that of the full flap length of the nominal 
length ejector system. The additional untreated closure length is similar to 
that of the nominal length ejector. 

4.5.1 Overview of Ejector Length Variation Acoustic Impact 

To gauge ejector length impact on an overview acoustic parameter, EPNL is 
presented as a function of the jet velocity parameter in Figure 4-107. The 
EPNL values are based on 2400' sideline data with nominal 400 ft/ sec 
simulated-flight speed. The figure compares a) TE-2 to TE-10, bottom, b) TE-3 
to TE-7, center, and c) TE-4 to TE-8, top, and includes nominal lines for 
conic and TE-1 reference nozzles. Reviewing the curves for ejector length 
impact reveals: 
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NORMALIZED EFFECTIVE PERCEIVED NOISE LEVEL, EPNLN, dB 














o Ejector length variation, from LI to L2, has insignificant impact for 
mixed subsonic to intermediate cycle operation, 1.5 £ lOlogio 
(Vj-eff/aamij) — 2.6, but definitely shows bias toward longer ejector 
length to improve suppression at takeoff through maximum-cycle 
operation. 

o At takeoff cycle and above (mixed velocity parameter ^3.0) the 
longer ejector gains a) up to 1 AEPNL in a hardwall version, b) 
approximately 2 AEPNL for the treated ejector system, and c) from 
1.5 to 3.0 A EPNL for the treated ejector/treated plug system. 

A primary gauge of acoustic effectiveness is PNL suppression. An 
additional overview of ejector length impact can be gleaned from A PNL 
comparisons within Figures 4-108 and 4-109, for static and simulated-flight, 
for ^ = 60°, 90°, 130° and peak value. Further similar comparisons on a 
OASPL basis are in Figures 4-110 and 4-111. Each graph shows the change in 
PNL/OASPL as effected by ejector length change alone, i.e. , by comparing TE-2 
to TE-10, TE-3 to TE-7 and TE-4 to TE-8. Positive values indicate suppression 
increase due to length increase, negative values indicate greater noise levels 
with the longer ejector. In review: 

o Forward quadrant, Oj = 60°, suppression is increased quite 

substantially with ejector length increase; near takeoff, up to 3 dB 
additional A PNL is gained for static and flight. Progression of 
increased effectiveness, from hardwall to treated ejector to treated 
plug and ejector is fairly systematic; in most comparisons the fully 
treated system is most beneficial. 

o Broadside, at = 90°, length increase impact is very consistent 
though not as beneficial. The fully treated ejector/plug shows 
slight improvement with extended length; approximately 2.0 PNL near 
takeoff cycle for static and flight. The treated ejector/hardwall 
plug shows similar results with both ejectors and the hardwall long 
ejector increases PNL/OASPL levels by 0.5 to 1.0 dB for most cycle 
points. 

o Aft quadrant, = 130°, comparisons show all long ejectors to 

degrade acoustic performance, each being 1.0 to 1.5 A PNL/ A OASPL 
noisier than short ejectors. 

o Peak value comparisons are similar to &t = 130° data. On the A PNL 
basis the fully treated system shows slightly greater suppression for 
the long ejector. The partially treated and hardwall systems are 
equivalent and noisier, respectively, for length increase. 
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FIGURE 4-108. PNL SUPPRESSION CHANGE DUE TO EJECTOR LENGTH INCREASE; TE-8 VERSUS 
TE-4, TE-7 VERSUS TE-3, AND TE-10 VERSUS TE-2, STATIC, AT 8j = 60° 
90°, 130° AND PEAK VALUE 
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FIGURE 4-109. PNL SUPPRESSION CHANGE DUE TO EJECTOR LENGTH INCREASE; TE-8 VERSUS 
TE-4, TE-7 VERSUS TE-3, AND TE-10 VERSUS TE-2, SIMULATED- FLIGHT, 

AT 0j= 600, goo, 1300 AND PEAK VALUE 
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FIGURE 4-110. OASPL SUPPRESSION CHANGE DUE TO EJECTOR LENGTH INCREASE; TE-8 VERSUS 
TE-4, TE-7 VERSUS TE-3, AND TE-10 VERSUS TE-2, STATIC, AT 0j = 60<>, 
90°., 1300 AND PEAK VALUE 
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FIGURE 4-111. PNL SUPPRESSION CHANGE DUE TO EJECTOR LENGTH INCREASE; TE -8 VERSUS 
TE-4, TE-7 VERSUS TE-3, AND TE-10 VERSUS TE-2, SIMULATED- FLIGHT, 

AT 0 ! = 60°, 900 , 1300 AND PEAK VALUE 
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A final overview evaluation of ejector length is seen per Figures 4-112 
through 4-114' s spectral suppression comparisons. The graphs show A1/3-0BSPL 
versus frequency at ©j = 60°, 90° and 130°, for static and flight, at cutback, 
intermediate and takeoff. Again, the A's are from direct comparisons of TE-2 
to TE-10, TE-3 to TE-7 and TE-4 to TE-8; positive values indicating increased 
suppression from length increase and negative values indicating higher noise 
levels with longer ejectors. Trends are similar to those of the APNL/ 

AOASPL comparisons but on a spectral basis now indicate: 

o For most all comparisons the longer ejector increases low frequency 
noise levels by 1 to 2 dB for 50 to 500 Hz. (This can be correlated 
with later presented LV plume decay plots which show the plumes for a 
long ejector to decay less rapidly than for the short ejector, thus, 
allowing longer zones of turbulent mixing noise generation of low 
frequency. ) 

o Maximum increase in spectral suppression due to ejector length is 
seen in the forward quadrant and for the frequency range of 
approximately 800 to 8 KHz, reaching suppression of 6 to 8 AdB near 
2 KHz. 

o Moving broadside, 90°, and toward the aft quadrant, 130°, most of the 
high frequency suppression due to ejector length increase diminishes. 
Statically, all long ejector systems generate higher aft quadrant 
noise levels for all frequencies at all three cycle points; 
simulated-flight shows only light mid-frequency suppression for the 
higher cycle condition and greater noise for all others. 

o Where increased ejector length does increase spectral suppression, 
the fully treated plug/ejector system is normally most beneficial. 

4.5.2 Detailed Data Comparisons for Ejector Length Variations 

In order to view ejector length acoustic impact within a more detailed 
data base, the following data sets are presented for review: 

o For comparison of TE-2 to TE-10, for length variation within the 
hardwall ejector/plug geometry. Figures 4-115 through 4-119 present 
normalized PWL, OASPL and PNL correlated with the jet velocity 
parameter, for static and simulated-flight. The OASPL and PNL are 
presented at Oj = 60°, 90°, 130° and peak value. 

o For comparison of TE-3 to TE-7, for length variation within a treated 
ejector/hardwall plug system. Figures 4-120 through 4-124 present 
data similar to that above for TE-2/TE-10. 

o For comparison of TE-4 to TE-8, for length variation within a fully 
treated ejector/plug geometry. Figures 4-125 through 4-129 do 
likewise to those above. 

These data sets are included primarily for the readers extended use as a 
detailed data base. Trends from the PNL and OASPL data, in regards to ejector 
length impact, were summarized and reviewed in the previous APNL/ AOASPL 
graphs of Figures 4-108 through 4-111. 


238 



gp ‘ldsso - e/tv 


STATIC AND SIMULATED-FLIGHT, 0r =60°, 90° AND 130° 





















! CREASE EFFECT 
JED- FLIGHT, 0 























NORMALIZED OVERALL POWER LEVEL, PWLN, dB 


180 


170 


160 


180 


170 


160 


FIGURE 4 




JET VELOCITY PARAMETER, 10L0G in ( V® ff /a J 

10' j amcr 


-115. NORMALIZED PWL AS A FUNCTION OF JET VELOCITY PARAMETER' FOR 
COMPARISON OF EJECTOR LENGTH VARIATION, HARDWALL EJECTOR/ 
PLUG, TE-2 VERSUS TE-10, STATIC AND SIMULATED- FLIGHT 
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FIGURE 4-116. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
COMPARISON OF EJECTOR LENGTH VARIATION, HARDWALL EJECTOR/PLUG, 
TE-2 VERSUS TE-10, STATIC, AT e T = 60°, 90°, 130° AND PEAK VALUE 
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FIGURE 4-118. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

COMPARISON OF EJECTOR LENGTH VARIATION, HARDWALL EJECTOR/PLUG, 
TE-2 VERSUS TE-10, STATIC, AT ei = 60°, 90°, 130° AND PEAK VALUE 
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FIGURE 4-120. NORMALIZED PWL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

COMPARISON OF EJECTOR LENGTH VARIATION, TREATED EJECTOR, TE-3 
VERSUS TE-7, STATIC AND SIMULATED- FLIGHT 







NORMALIZED OVERALL SOUND PRESSURE LEVEL, OASPLN, dB 








NORMALIZED OVERALL 



iURE 4-122. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY 
COMPARISON OF EJECTOR LENGTH VARIATION, TREATE 
VERSUS TE-7, SIMULATED-FLIGHT, AT 0 t = 600, 90 
PEAK VALUE 
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FIGURE 4-123. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

COMPARISON OF EJECTOR LENGTH VARIATION, TREATED EJECTOR, TE-3 
VERSUS TE-7, STATIC, AT 0r = 60°, 90°, 130° AND PEAK VALUE 





















FIGURE 4-125. NORMALIZED PWL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
COMPARISON OF EJECTOR LENGTH VARIATION, TREATED EJECTOR/PLUG 
TE-4 VERSUS TE-8, STATIC AND SIMULATED- FLIGHT 
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FIGURE 4-126. NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
COMPARISON OF EJECTOR LENGTH VARIATION, TREATED EJECTOR/PLUG, 
TE-4 VERSUS TE-8,STATIC, AT ej = 60°, 90°, 130° AND PEAK VALUE 
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FIGURE 4-127 NORMALIZED OASPL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
COMPARISON OF EJECTOR LENGTH VARIATION, TREATED EJECTOR/PLUG, 
TE-4 VERSUS TE-8, SIMULATED-FLIGHT, AT 0 X = 60<>, 900, i 30 o AND 
PEAK VALUE 
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FIGURE 4-128. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 

COMPARISON OF EJECTOR LENGTH VARIATION, TREATED EJECTOR/PLUG, 
TE-4 VERSUS TE-8, STATIC, AT Oj =60°, 90°, 130° AND PEAK VALUE 
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FIGURE 4-129. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
COMPARISON OF EJECTOR LENGTH VARIATION, TREATED EJECTOR/PLUG 
TE-4 VERSUS TE-8, SIMULATED- FLIGHT, AT = 60°, 90°, 130° 
AND PEAK VALUE 









4.5.3 Diagnostic Data Review 


Representative comparisons of jet plume characteristics for nominal, LI, 
and extended length, L2, ejectors are available from laser velocimeter plume 
measurements at takeoff cycle for Configurations TE-4 and TE-8. Normalized 
mean velocity data are presented for static data points 4009 and 8009 as 
follows: 

o Figure 4-130: Axial traverses at centerline, 1.54"R, 3.07”R and 
4.22"R. 

o Figure 4-131: Radial traverses at various locations aft of the 

ejector exit, starting at 1/8" aft and progressing to X/Deq = 10.0. 

For the simulated-flight data points 4010 and 8010, similar comparisons to 
those of the static are presented in Figures 4-132 and 4-133. 

In reviewing the plume measurements, the following are noted: 

o Just aft of the ejector exit planes, at x/Deq = 1.6 for TE-4 and 
1.96 for TE-8, the mean velocity is somewhat higher in the peak 
velocity zones for the shorter TE-4 ejector configuration. This is 
due to the closer proximity of the measurement plane to the exit 
plane and, therefore, the shorter decay distance for the TE-4 plume. 

o From the plug tip and aft, the TE-8 mean velocity levels are always 
slightly higher. This is felt contributes to the Increased low and 
mid- frequency noise levels observed in the three length comparison 
sets of Figures 4-112, 4-113 and 4-114. The longer region of 
turbulent mixing zone produces a higher content of mid-to-low 
frequency noise. 

o Distributions of mean velocity at any radial cross section are fairly 
similar for the two ejector lengths, however, the longer ejector 
tends to wash out identity of the inner nozzle stream sooner than for 
the short ejector. This is expected attributable to the longer 
length of forced high speed jet flow toward the center of the jet 
causing faster outer/inner stream mixing. 

As an indication of relative aerodynamic performance changes due to 
ejector length variation, thrust loss due to base drag for the length 
comparison model sets, i.e. , TE-2 versus TE-10, TE-3 versus TE-7, and TE-4 
versus TE-8 are presented in Figures 4-134, 4-135 and 4-136, respectively. 
Static and simulated-flight values are provided for each. Review suggests: 

o Performance of the short and long ejector sets are compatible within 
themselves, i.e., TE-2 = TE-3 = TE-4 and TE-10 = TE-7 = TE-8. This 
would be expected as the thrust loss calculated is due to chute base 
drag and changes in treatment application are not anticipated to 
effect pumping/ ventilating characteristics. 

o In each comparison, the simulated-flight thrust loss is lower than 
the static by a slight amount, indicating forward motion with an 
ejector still allows enhanced pumping/ventilation capability and the 
chute base areas are better ventilated. This is exactly opposite to 
non-ejected systems where forward velocity prohibits easy turning of 
the externally flowing media and causes poorer ventilation/lower base 
pressure and subsequently higher base drag. 
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FIGURE 4-130. AXIAL VARIATION OF THE MEAN VELOCITY (AXIAL COMPONENT) 
IN THE PLUME OF CONFIGURATIONS TE-4 AND TE-8 AT TAKEOFF 
CONDITION, STATIC, TEST POINTS 4009 AND 8009 

258 









I 


CM 

CO 


CO 

II 


00 

0 

V • 

0 

• 

CO 

0 

CO 

4 . 0 - 

3.0 

s© 

»— » CM 

ro co 

CM CM 

0 

F- 1 

(§> 

x/o 

© 

© 

© 

A 

© 

© 

© © 







© 


CO 
I H 

f* cr» 

O) 

Q 




mi 

1 





'?Z 


>> 

y ✓ 

^L> 


© 


11 


o 

— 

X 




00 

d 


CO 

d 


d 


CM 

d 


00 

0 


CO 

d 


d 


CM 

d 


„A/A ‘ A1I0013A NV3W OSZIIVHUON 


OO 

2 = 

o 


CD 


O 

C_J 


O 

UJ 


q_ cn 
o 

LU O 

=n 00 

h— 

O 

z: z 
*— < <c 

— - CT> 
h- O 





UJ 

z 

— o=x 


+-> cn 

0 00 
a. 1— 
S z 

O M 
O O 



oc 

CL 



\ 

-J 



a: 

< H- 
»— ' 00 



* 

X LU 



UJ 

<C h— 



z 




1 — t 




_j 

>“ O 



oc 

1 — »— * 



UJ 

»—• h- 



1 — 

O < 



z 

O h- 



UJ 

__l OO 



0 

LU 

> * 



UJ 

Z 



-J 

z 0 



M 

C M 


1.0 

rvj 

0 

LU I— 
21 »— 



z 

Q 


CO 


LU Z 

0 — 

s: 

3 = O 


d 

0 

h- O 

d 


cc 


»— 1 

i 11 

+" s~' 


Lu 

U_ Lu 

'O 

UJ 

O LU 
O 

) “ 

> x __ 

CO 

O 

z 

Z LU 
O 


d 


H-. <C 



1 — 

1 — 1 — 


0 

CO 

C 


H 

hH 

Q 

• — ' \— 
od C 


O 
\ — < 

— 1 
< 

< 

> 00 

1 



1— 1 

_J LU 


cn 

Q 

C 

< 1 — 
1 — t 

0 

d 

cc: 

Q Q 

. °° 


Q 


4 - 11 

' cr 
a> 

0 

UJ 

1x1 


0 

x 

x — 

10 

—i 

<c 

ro 


1 ° 

5: 

1 


0 

q: 

0 

1 

J 

1 — 1 

z 

LU 

a: 


CD 


259 




ICE, X/D 


eq 


VELOCITY (AXIAL COMPONENT) 
DNS TE-4 AND TE-8 AT TAKEOFF 
, TEST POINTS 4010 AND 8010 











Thrust Loss Due to Chute Base Drag, A Cf g , 



Suppressor Stream Pressure Ratio, P r ° 


FIGURE 4-134. VARIANCE IN THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG AS A FUNCTION OF 
EJECTOR LENGTH: TE-2 (LI) VS TE-10 (L2); HARDWALL EJECTOR AND PLUG 
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IGURE 4-135. VARIANCE IN THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG AS A FUNCTION 
OF EJECTOR LENGTH: TE-3(L1) VS TE-7 (L2); TREATED EJECTOR-HARDWALL PLUG 
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Thrust Loss Due to Chute Base Drag, ACf g , 



FIGURE 4-136. VARIANCE THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG AS A FUNCTION 
OF EJECTOR LENGTH: TE-4 (LI) VS TE-8 (L2); TREATED EJECTOR AND PLUG 
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In each figure, the extended length ejector's thrust loss is 
significantly below that of the nominal length ejector, indicating 
that it has better pumping/ventilating characteristics, which raise 
chute base pressure and lower base drag. 

4.6 EFFECTIVENESS OF PLUG TREATMENT ON SHOCK NOISE ALLEVIATION 
4.6.1 Background and Overview 

Just prior to the time period during which this program's work scope was 
being formulated, NASA and industry became interested in furthering the work 
of Dr. Lucio Maestrello on shock noise reduction through the porous plug 
concept. Dr. Maestrello's earlier work on jet noise suppression. Reference 18 
and 19, had shown that a plug nozzle with porous centerbody provided shock 
free flow over a wide range of pressure ratios. The elimination of "shock 
associated noise" and "screeching" was accomplished by equalization of 
pressure along the jet axis through use of the porous plug surface. The 
interior cavities of the centerbody were vented to the jet stream all along 
their lengths and acted as settling chambers whose pressures were nearly equal 
to ambient. The vented interior cavities tended to equalize the abrupt 
positive and negative pressure gradients of the jet stream. 

NASA-Langley had issued a request for proposal and subsequent contract to 
further study this porous plug concept in a more detailed and parametric test 
phase. In the meantime, this contract's model system afforded an opportunity 
to explore a variation of the porous plug concept, i.e., use of a softwall 
plug surface, through acoustic treatment application, to attempt to accomplish 
the same purpose. Configuration TE-6 was thus developed to apply treatment to 
the centerbody of the inner flow plug nozzle. Figures 3-14 and 3-21 show the 
test model in sketch and photograph; treatment panels are constructed per 
Figure 3-31 and acoustically packed per Figure 3-32. In several respects, 
this model was significantly different than those of early work on the porous 
plug concept: a) it incorporated a dual flow coannular nozzle with outer 

stream mechanical suppressed, whereas, early porous plug studies evolved 
around single flow high radius ratio plug nozzles, and b) shock noise from 
this 20-chute suppressor was already substantially reduced below that of & 
reference conical nozzle without aid of additional porous or softwall plug 
techniques. The test objective for Configuration TE-6, in comparion to the 
similar hardwall plug test of Configuration TE-1 (per Figures 3-9 and 3-19), 
was to evaluate potential for still further reduction of shock-associated 
noise through further weakening of the shock structure. 

Testing was performed along the same cycle line of engine operability as 
for other test configurations, per Table 3-1, however, interest was primarily 
in the higher pressure ratio points of takeoff and above. In summary, 
acoustic test results were not encouraging: 

o Forward quadrant shock noise is nominally similar to that of the 
hardwall plug case. Individual angle comparisons show that a) at 
many angles, noise levels for TE-6 are the same as TE-1 and 
correlate equivalently to the shock strength parameter^ , b) for 
static operation, TE-6 levels are slightly higher at several 
angles, and c) in simulated-flight, TE-6 levels are slightly 
lower at several angles. 


265 


o EPNL is unchanged at T/0 cycle and above, where shock noise 

is normally quite influential. 

o Peak jet noise in the aft quadrant increased several APNL 

for static and increased slightly for flight at high cycle 
conditions. 

4.6.2 Detailed Acoustic Data Presentation 

As softwall plug application was anticipated to impact only forward quadrant 
shock noise (assuming that aft quadrant shock noise is dominated by jet mixing 
noise, as it is for most nozzles) the first check, of necessity, would compare 
forward quadrant measured data as a function of shock strength parameter $ . 
Harper-Bourne and Fisher, Reference 16, have developed theoretical and 
experimental guidelines for estimating the characteristics of broadband shock 
noise for jets operating above critical pressure ratio. They suggest that 
shock noise can be correlated on the basis of this shock strength parameter, $ , 
defined as "V Mj^-l . This finding has been verified by numerous other studies; 
References 8, 9 and 20 through 24. Figures 4-137 and 4-138 compare the TE-6 
and TE-1 data at 0j = 50° through 100° as a function of the @ parameter, i.e., 
on 10 Log for static and simulated flight conditions, respectively. ( 

is defined in Section 3. 3. 1.2 and is a mixed stream parameter.) 

The data are only for those points operating at supercritical mixed 
pressure ratio, i.e., cutback cycle and above. Review of the two figures 
indicates: 

o For static, the softwall plug does not reduce forward quadrant noise 
any further than the hardwall plug, in fact, for angles of ©i = 60°, 
80° and 100°, the softwall levels are slightly above those of the 
hardwall. At 70° and 90°, levels for the two configurations are 
identical . 

o The simulated-flight correlated data show similar minimal changes 
between soft and hard plug surfaces; small changes do occur, but 
show mixed conclusions. Softwall levels are the same as hardwall at 
= 80°, 90° and 100°, slightly above the hardwall at 60° and 
slightly below at 50° and 70°. 

o The data correlate very uniformly against the shock strength 
parameter, showing ^dependency in the range of 2 to 2.7 for all 
data. Conical nozzle shock noise dominated data, as reference, 
normally correlate with a $ dependency near 4.0. 

Further comparisons of the measured data are made in Figures 4-139 and 
4-140 for jet noise dependency. Normalized PNL, static and flight, are 
correlated with the mixed jet velocity parameter, 10 Log (Vj eff /a am b) . These 
comparisons are at Oj = 60°, 90°, 130° and peak angle. Results at forward 
angles compare similarly to those of Figures 4-137 and 4-138 in that levels 
are nominally the same for the two configurations. In the aft quadrant, Q-i = 
130° and peak value, static noise levels for the treated plug are substanti- 
ally above the hardwall configuration, 2 to 2.5 dB for all cycle points. For 
simulated flight, however, the levels are similar at 0j = 130° and peak angle 
except at highest cycle points of takeoff and above. Here, again, the 
softwall plug is slightly noisier than the hardwall plug, by .5 to 1.5 dB, 
indicating aft quadrant jet mixing noise is somehow slightly amplified by use 
of the non-smooth plug surface. 


266 


PERCEIVED NOISE LEVEL, PNL, PNdB 



no 


Qj-60 0 



t NUMBERS ON 
LINE REPRESENT 
$ SLOPE 
DEPENDENCY 








no 



TOO 


-1.5 -1.0 -0.5 0 0.5 

Shock Strength Parameter, 10 log-jQ B 


FIGURE 4-137. CORRELATION OF FORWARD QUADRANT PNL DEPENDENCY ON SHOCK 

STRENGTH PARAMETER FOR CONFIGURATIONS TE-1 AND TE-6, STATIC 
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FIGURE 4-138. CORRELATION OF FORWARD QUADRANT PNL DEPENDENCY ON SHOCK 
STRENGTH PARAMETER FOR CONFIGURATIONS TE-1 AND TE-6, 
SIMULATED-FLIGHT 
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FIGURE 4-139. NORMALIZED PNL AS A FUNCTION OF JET VELOCITY PARAMETER FOR 
COMPARISONS OF CONFIGURATIONS TE-1 AND TE-6, STATIC, AT 
0 t =6O°, 90°, 1300, AND PEAK VALUE 










If gauged on the "overview parameter" of EPNL (based on 2400' sideline PNL 
directivity at 400 ft/sec simulated-flight speed) per Figure 4-141, the TE-6 
soft plug Is seen no more effective than the TE-1 hard plug at the higher 
cycle conditions where shock noise would be of prime consideration. At lower 
cycle conditions, the soft plug Is seen to lower EPNL very slightly. 


Further detailed data at the takeoff cycle are presented In Figure 4-142 
as OASPL and PNL directivity, static and flight, and In Figures 4- 143 and 


4-144 as 1/3-OBSPL spectra at O'] 
flight, respectively. Dlrectlv 
forward quadrant and slight amp 


= 60°, 90° and 130° for static and slmulated- 
fty comparisons show mixed effectiveness In the 
llficatlon of most aft quadrant and peak noise 
levels. The aft quadrant, OJ = 130°, spectra are seen to be amplified over 
the entire frequency range for both static and flight whereas = 60° and 90° 
spectra are mixed. 


Several post-analysis thoughts are offered relative to the data review: 

o Early porous plug work of Dr. Maestrello indicated that a long plug 
was necessary to effect the porous plug concept's noise reduction; 
short plugs being Ineffective. 

o The increase in aft quadrant noise levels is puzzling, no obvious 
explanation readily forthcoming, possible implication being the 
Increased surface roughness of the plug treatment application. 
Concern Is expressed as to whether this noise Increase remains when 
the ejectors are applied, and if so, does It lend to less than full 
suppression potential being realized by the ejector/treatment 
systems. In another area of analysis. Section 4.4, addition of plug 
treatment to the already treated ejector/suppressor system was seen 
ineffective at high cycle operation; no further noise suppression 
was gained. 

4.6.3 Diagnostic Data Review 

Several laser velocimeter data comparisons are available for the TE-1 and 
TE-6 configurations at takeoff cycle conditions. For static test points 1009 
and 6009, the normalized mean velocity data are presented in the following: 

o Figure 4-145 Axial traverses at centerline, 3.07"R and 4.22"R. 

o Figure 4-146 Slant traverses parallel to the 15° plug surface, 
initiated near the inner nozzle lip (3.19"R), at the center of the 
suppressor nozzle flow element (4.44"R), and near the tip of the 
suppressor nozzle (5.1 6"R) . 

o Figure 4-147 Radial traverses just aft of the plug tip at */D eq = 2.20. 

For flight test points 1010 and 6010, the following comparisons are 
available: 


o Figure 4-148 Axial traverses at centerline, 3.17"R and 4.22"/4.44"R. 
o Figure 4-149 Radial traverses just aft of the plug tip at X/D eq = 2.20. 
Review of the traces shows: 
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NORMALIZED EFFECTIVE PERCEIVED NOISE 
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FIGURE 4-141. EPNL CORRELATION WITH JET VELOCITY PARAMETER FOR 
COMPARISON OF CONFIGURATIONS TE-1 AND TE-6, 
HARDWALL VS. TREATED PLUG 
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FIGURE 4-142. STATIC AND SIMULATED-FLIGHT DIRECTIVITY COMPARISONS OF OASPL AND PNL AT TAKEOFF 
FOR COMPARISON OF CONFIGURATIONS TE-1 AND TE-6, HARDWALL VS. TREATED PLUG 
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FIGURE 4-144. NORMALIZED SPECTRA AT 0 T =6O U , 90 , AND 130 u FOR COMPARISON OF CONFIGURATIONS TE-l 
AND TE-6, HARDWALL VS. TREATED PLUG, SIMULATED-FLIGHT, AT TAKEOFF 
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FIGURE 4-147. RADIAL VARIATION OF THE MEAN VELOCITY (AXIAL COMPONENT) IN THE PLUME OF CONFIGURATIONS 
TE-1 AND TE-6 AT TAKEOFF CONDITION, STATIC, TEST POINTS 1009 AND 6009 




NORMALIZED AXIAL DISTANCE, X/D* q 

FIGURE 4-148. AXIAL VARIATION OF THE MEAN VELOCITY (AXIAL COMPONENT) IN THE 
PLUME OF CONFIGURATIONS TE-1 AND TE-6 AT TAKEOFF, SIMULATED- 
FLIGHT, TEST POINTS 1010 AND 6010 
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FIGURE 4-149. RADIAL VARIATION OF THE MEAN VELOCITY (AXIAL COMPONENT) IN THE PLUME OF 

CONFIGURATIONS TE-1 AND TE-6 TAKEOFF CONDITION, STATIC, TEST POINTS 1010 AND 6010 



' o Per Figure 4-146, the shock structure near the treated plug (bottom of 
figure) is indeed mitigated, as indicated by the lower level of mean 
velocity without variations in level due to passage through shock 
, cells. However, the shock structure in the outer and center section of 

' the jet (top and center of figure) is relatively unaffected. This is a 

1 strong shock structure of high-velocity-gradient content and controls 

the generated shock related noise. 

I o Figure 4-145 axial traces indicate similarly that the center of the jet 
(bottom of figure) is slightly lower in mean velocity with the treated 
\ plug due to shock structure weakening and maintains slightly lower 

l velocity for a long distance aft of the plug tip. The main jet flow 

I (top and center of figure) is relatively unaffected, however, of 

slightly higher peak velocity for the TE-6 configuration, possibly 
; accounting for the slight increase in aft quadrant peak noise levels. 

o Simulated-flight, Figure 4-148 (bottom), again shows slight decrease in 
i mean velocity aft of the plug tip for the center of the jet; the outer 

jet plumes (top and center of figure) are similar in structure except 
for a slight dip in the trace for TE-6/6010 at the outer radius (top of 
figure). This, however, is due to the trace being acquired at a 
slightly greater radius; 4.44" relative to 4.22" of trace TE-1/1010. 

o Radial traverses of Figures 4-147 and 4-149 near the plug tip each show 
slightly higher peak velocity for the soft plug configuration, again 
implicating the slightly higher aft quadrant jet noise. 

Review of the shadowgraph data in CDR Volume II for test points 1009 and 
6009 also show no discernable change in major shock structure in the axial 
region from suppressor exit to plug tip. 

4.7 AERODYNAMIC PERFORMANCE EVALUATION FROM CHUTE BASE PRESSURE MEASUREMENTS 
* 4.7.1 Thrust Loss Estimates Based on Chute Base Pressure Measurements 

In order to assess the influence of ejector application to primary nozzle 
suppressor base pressure and hence the nozzle thrust coefficient, (8) static 
pressure taps were applied within the chute base regions. These are defined 
'schematically and pictorially in Section 3.2.3's Figures 3-34 and 3-35, 
respectively. The measurements acquired from these instrumentation items 
during acoustic tests, summarized in CDR Volume I's Tables 6-1 through 6-10, 
were then used for estimation of a representative average pressure reading 
i within the projected base area of the 20 chutes. From this, the change in the 
outer nozzle thrust coefficient, due to chute base drag, was calculated. In 
this section, the method employed to calculate the thrust loss is described 
and thrust loss data calculated for each test configuration are presented, 
both for the static and simulated-flight test conditions. 

4.7.2 Thrust Loss Calculation Procedure 

, Locations of the (8) static pressure taps in the chute base region of the 
' 20-chute suppressor nozzle are defined in Figure 4-150. The projected base 
area of each of the chutes is suitably divided into (8) elemental areas. A 1 , 
each associated with a static pressure tap. The static pressure data, P£, 
measured by each of the taps for a given nozzle flow condition, is assumed 
constant over its associated area. An area weighted chute average base 
pressure, PBAV, is calculated from the (8) static pressure measurements as 
f ol 1 ows : 
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FIGURE 4-150. CHUTE BASE AREA DISTRIBUTION ASSOCIATED WITH BASE PRESSURE INSTRUMENTATION 


PBAV = 


Z Pi A* / 2 A i 


or 

PBAV = .1176 PS01+.1257 PS02+.1260 PS03+.1258 PS04+ 

.1257 PS05+.1256 PS06+.1257 PS07+.1279 PS08, psia 

The base drag, FDCHUT, associated with each chute, is then calculated as 
follows: 

FDCHUT = (AVPT20-PBAV)^Ai 

FDCHUT = (AVPT20-PBAV) .8817 , Lb. 

The total base drag, FD, associated with the base area of the 20 chutes is 
calculated by: 


FD = 20 FDCHUT , Lb. 

The ideal thrust, FSUPR, of the outer stream nozzle is calculated from: 
FSUPR = WOV°/g , Lb. 

where W° is the weight flow rate through the suppressor, V° is the fully 
expanded jet velocity, and g is gravitational constant. The change in thrust 
coefficient, DLCCFG or ACfg, due to the chute base drag is finally computed 
as: 


DLCCFG = (FD/FSUPR)X100 , % 

4.7.3 Thrust Loss Calculation Data Presentation 

The above calculated values: PBAV, FDCHUT, FD, FSUPR and DLCCFG are 

summarized in CDR Volume I ' s Tables 6-1 through 6-10 for the ten test Configu 
rations TE-1 through TE-10, respectively. The thrust loss parameter, ACfg, i 
presented graphically in Figures 4-151 through 4-160 for Configurations TE-1 
through TE-10, respectively; plotted as a function of suppressor stream 
pressure ratio, P^. Each figure has separate static (top), simulated-flight 
(center), and composite static/simulated-flight (bottom) data presentations. 
For static and simulated-flight plots, distinction is noted for a) cycle line 
of operation (see Section 3.3.1 for explanation), b) low T° = 810 to 870°R, 
and c) V a / C = 200 and 400 ft/sec. For the composite plots 7 of static and 
simulated-flight, only the data for cycle line of operation are overlain. 


283 


Thrust Loss Due to Chute Base Drag.ACfg, 



























Suppressor Stream Pressure Ratio, P r ° 

FIGURE 4-153. THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG OF CONFIGURATION TE-3 
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Thrust Loss Due to Chute Base Drag, AC fa , 
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FIGURE 4-155. 
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Suppressor Stream Pressure Ratio, P r ° 

THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG OF CONFIGURATION TE-5 









Thrust Loss Due to Chut 




FIGURE 4-158. THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG OF CONFIGURATION TE-8 
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FIGURE 4-159. THRUST LOSS COEFFICIENT DUE TO CHUTE BASE DRAG OF CONFIGURATION TE-9 

292 



Thrust Loss Due to Chute Base Drag, A Cf g 












5.0 EJECTOR TREATMENT THEORY/EXPERIMENT CORRELATION 


This section presents and discusses the theoretical modeling and 
correlation of predictions with measured data for the effect of the treated 
shroud upon farfield noise. 

5.1 OBJECTIVE 


The purpose of this study is to establish a method for predicting the 
suppression to be expected from a treated shroud when used in conjunction with 
the type of dual-flow, multi-element suppressor nozzle in this program. Basic 
parameters include treatment impedance, length, and placement (i.e. , 
shroud-only versus shroud-and-plug surfaces); and, nozzle exit temperature, 
pressure, and velocity. Measured data from the experimental program are used 
to establish the validity of the method. 

5.2 PREDICTION METHOD FOR THE EFFECT OF THE SHROUD, HARDWALL AND TREATED 

The method includes prediction of source-location (to enable prediction 
of the effect of treatment on that portion of noise generated within the 
treated section of the shroud), duct-propagation effects (to estimate the 
treatment suppression in terms of the modal -energy-distribution within the 
shroud), and treatment impedance (under the conditions of temperature, 
pressure, and flow velocities within the shroud). The method is intended to 
be suitable for engineering selection of design values for the basic parameters 
of concern. 

5.2.1 Effect of Shroud on Farfield Radiation 


5. 2. 1.1 Original M*S Method 

The number of variables and complexity of the problem impose a need to 
use a combination of both engineering-analysis and empirical correlation of 
data. That was done in developing the original M*S method, documented in 
Reference 25, which includes correlation of the effect of basic parameters on 
source-generation (level versus frequency) and source-location (level versus 
axial distance from the nozzle in each frequency band). The original method 
assumed a model for duct-propagation effects which provided a reasonable first 
approximation to measured suppression for single-layer resonator treatment and 
farfield radiation patterns. The correlation of this method with prior data, 
both hardwall and treated, is documented together with a detailed description 
of the method in Reference 25. 

The following summarizes that portion of the original method concerned 
with determining the suppression by the treatment and the farfield directivity 
of that suppression. The data on the effect of adding treatment were 
correlated in terms of reduction of sound power level and one-third-octave 
band SPL spectra, and of farfield directivity. The suppression expected from 
the treatment was predicted analytically, using the source-location 
information developed in Reference 25, by means of ray acoustics, taking into 
account the absorption of energy for each interaction with the treatment. The 
analysis assumes that the ejector does not perturb the noise generation. 
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The acoustic ray model used in the analysis is illustrated in Figure 5-1. 

; consists of a line of 25 equally spaced sources, located axially from the 
tzzle exit station to 2.5 times the peak location downstream of the nozzle 
;it and located radially at the periphery of the outermost element. In a 
le-third-octave band, a range in relative levels from the peak to 8 dB below 
le peak is covered. Angles of incidence from 10° to 80° are used in 10° 
icrements, based on an omnidirectional source distribution, and the 
iductions in PWL are determined for the upper and lower band limits and the 
idpoint frequency of all one-third-octave bands. To determine the total PWL 
iduction, the number of reflections of the acoustic ray associated with an 
igle of incidence and source location are calculated based on the ejector 
jngth and diameter. The power reduction for each reflection is determined and 
len summed over all reflections. This is repeated for each source location, 
id, taking into account the relative level of each source, the reduction is 
jmmed over all sources. The reduction is summed over each angle of incidence 
) determine the total power reduction for each frequency. By antilogarith- 
ically averaging the reduction at the lower limiting, midpoint, and upper 
imiting frequencies, the reduction over a one-third-octave band is estimated. 

To determine the reduction due to each reflection within the ejector, the 
reatment resistance and reactance must be known at the lower limiting, 
idpoint, and upper limiting frequencies of a given one-third-octave band. 
ie reduction in sound power level (PWL) is determined using the following two 
nations: 

4R cos (0-j) 

013 (1+R cos e^ 2 + (X cos 9.) 2 

where: ot = absorption coefficient 

a 

R = normalized specific resistance 
X = normalized specific reactance 
0.j = incidence angle, as defined on Figure 5-1 

APWL = -10 log 10 0-a a )> dB (2) 

n the case of SDOF treatment, a routine to determine the resistance and 
eactance is included in the original program. For other treatment materials, 
he resistance and reactance values can be input independently. 

To convert this reduction in PWL to a reduction in SPL in the farfield, 

he directivity must be known. Figure 5-2 shows an example of the effect of a 

reated ejector. The change in SPL relative to the hardwall ejector is 
reatest and approximately constant where the hardwall ejector reduction in 
PL is smallest (70° to 120°), Reference 25. At other angles, the change in 

PL due to treatment is smaller but constant with angle. Data from references 

isted in Reference 25 have been used to develop the directivity correlation 
hown in Figure 5-2 and typical data are plotted on the figure to show 
epresentative correlation. 

For angles of (ft. - 50° to (r c (& c is the critical refraction angle per 
eference 25) ASPL = 1.2 x APWL. For all other angles, ASPL = 0.6 x APWL. 


GtmVL FAGS IS 
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FIGURE 5-1 ACOUSTIC RAY ANALYSIS FOR TREATED EJECTOR 
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DIRECTIVITY CORRELATION FOR EJECTOR 
TREATMENT EFFECTS 


5. 2. 1.2 Improvements Incorporated in this Program 

The original M*S method had a simplified model for duct propagation and 
was limited to treatment of the shroud surface only, not including the plug. 

Since the original formulation, an improved analytical model has been 
developed for this program, based on References 26, 27, and 28 to handle 
annular geometry and to estimate the modal weighting function of all modes 
that can propagate. This improved model enables a better estimate of the 
energy attenuation of the treatment, because of its improved estimate of modal 
energy density and the effect of airflow Mach number. 

The model incorporates a rectangular duct approximation to annular 
geometry which provides a very close approximation to annular duct eigenvalues 
when the annular hub-to-tip ratio is in the range of approximately 0.5 to 
1.0. These eigenvalues determine the mode indices which then enable estimation 
of the cut-on-ratio parameter developed by Rice and Sawdy, Reference 29. The 
development of the rectangular duct approximation is based upon the coordinant 
systems defined in Figure 5-3. In an annular duct of inner radius rj and the 
outer radius the sound propagating in the duct is represented by: 


P(r,e,x, t ) = jvVC-r) 


B Y (k 1 
mn m' r 


mn 


r) 


e iUt-k x 


mn 


x) 


(3) 


where J m ( ) and Ym( ) are Bessel functions of the first and second 
kinds of the integer order m respectively, and k™ is the nth radial mode of 
the mth circumferential order (spinning mode of m diametral nodes). In a duct 
with uniform flow at Mach, M 0 , the propagation wave number k™ is related to 
the radial eigenvalue k™ n through the dispersion relationship: 


.ran -V \A 2 - O-M^) O 2 (4) 

* = O-Hj) 

where k = 2/rf/c , c = speed of sound, and f = frequency. 

The cutoff ratio of the (mn) mode is defined as k/{Re(k™)V(t-^)} where 

^(k™) represents the real part of k mn . For the mode to propagate, the 
cut-off ratio must be greater than 1. 
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Now, in a rectangular duct of height H = (^-r)) and width 2 rr r, where 7 = (ri+l " 2 l y 
the pressure field can be represented by: 2 


P(y,z,x,t) = ll {A n cos(kJ-y) + B n Sin(k^.y) + C m Cos(k*.z) + D (n Sin(k^z)}e i ^ (5) 


the axial wave number, k™ , is related to the transverse eigenvalues, kJ and k™ 
as follows: y z 


, -M 0 k + v /k 2 -(l-M 2 )(K mn ) 2 (6) 

where: (K nm ) 2 = (kj) 2 + (k™) 2 

«,n -in 

y h 

- J! L 

K z " - 

r 

n = radial mode index = 0, 1, 2, n 
m = circumferential mode index = 0, 1 , 2 ,..., m 


Based on the geometry defined in Figure 5-3, these equations simplify to: 


K mn H _ 


J (irn) 2 + T J 

>^- HTR \n 

-i2 

i 

_ 

\ 1+HTR ) 



(7) 


the hardwal 1 : 


( 8 ) 

where: n y = Hf/c and n z = 2irrf/c 

f = sound frequency, Hz 
c = speed of sound 


and the "Cut-off-Ratio" as defined in Reference 29 becomes, for 


C.O.R. = 


'(/.Gn ) + (n z ) . ^' M °) 


This specifies the cut-off-ratio in terms of geometry and the modal indices, m 
and n. 
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The degree of agreement for the rectangular versus exact solution is 
summarized in Table 5-1: for the hub-tip-ratio, HTR, equal to or greater than 

0.5 the agreement is very good. Nevertheless, even at lower values of the 
ratio, this method is an improvement over the original. 

In the modification to the M*S program, this approach was implemented to 
allow calculation of treatment either on the inner wall of the shroud, only, 
as in the original M*S, or on both the shroud and the plug. The geometry of 
the ray-acoustics model is given in Figure 5-4. 

Equation (8) is used to determine the number of propagating modes. 
Propagation occurs only for C.O.R. > 1. Then the maximum number of modes are 
determined (from Equation (8)) by: 


for n = 0 

m raax ' n z 

(9) 

for m = 0 

n max ~ 2n y^ ^” M o 

(10) 


Also, the ray angle is closely approximated by (Reference 30): 


0 = sin _1 (l/C.0.R.) 


(11) 


A modal -weighting-function was derived by counting the modes in each 10° increment 
from 0° through 90° and dividing by the number of modes that would have been in 
the increment if the distribution had been uniform (i.e. , total number divided by 
nine). This function was used to modify the original assumption of an omnidirec- 
tional source; otherwise, the same approach was used as in the original analysis, 
with the geometric model of Figure 5-4 rather than 5-1, and with the flow effects 
added to the propagation model. 

The algorithm incorporating these improvements is included in Appendix A. 

5.2.2 Acoustic Treatment Impedance Prediction 

A complete description of the experimental and theoretical work carried out 
to define the designs of the acoustic treatment used in the models tested in this 
program, is included in the CDR Volume II Appendix B: it is the GE Report TM 

84-395, "Acoustic Treatment Design for the AST Shroud (NASA Contract Number 
NAS3-23275)" by A. A. Syed. This document includes chapters on: prediction 

methods for bulk absorber impedance; measured impedance data for the Astroquartz 
material used in the models; in-si tu measurements of the propagation constant of 
the Astroquartz material in a duct with airflow; and, design of the AST shroud 
treatment. 

Impedance prediction was done by the Delany and Bazley method (Reference 31). 
Extensive measurements were made, and documented in Reference 4, of the 
Astroquartz D.C. flow resistance and Normal Impedance and compared with 
predictions from two methods: a "mul ti -degree-of-f reedom method", and the 
Delaney and Bazley method. Based on the overall agreement for a large range of 
test parameters, the Delaney and Bazley method was adopted for this program. 
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TABLE 5-1 


COMPARISON OF THE PROPAGATING WAVE NUMBERS FOR ANNULAR 



0 1 3.337 3.195 3.15 3.142 3.142 3.142 


2 6.403 6.321 6.287 6.283 6.283 6.283 

1 0 1.237 0.68 0.287 1.2 0.666 0.286 

1 3.758 3.285 3.167 3.36 3.211 3.154 

2 6.607 6.355 6.295 6.397 6.318 6.290 

2 0 2.257 1.345 0.575 2.4 1.333 0.571 

1 4.77 3.535 3.205 3.95 3.413 3.193 

2 7.222 6.475 6.315 6.726 6.423 6.309 

16 0 13.552 9.035 4.475 19.2 10.66 4.57 

1 17.45 11.63 5.7 19.45 11.12 5.54 
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L = H x Tan $ 

HTR = Hub-Tip-Ratio = D T /D 
r I o 

NST = Number of Sides Treated 
= 1 for Outer Wall Treated 
= 2 for Both Sides Treated 


FIGURE 5-4 GEOMETRY OF THE IMPROVED RAY-ACOUSTICS MODEL 
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The in-si tu measurements of the effect of grazing flow indicated there 
may be some influence but no significant impact on the acoustic properties in 
the first 1.27cm. 

The design selection was made with the intent to achieve acoustic 
resistance of approximately 1 (o and reactance as close to zero as possible 
over the frequency range of interest for the temperature and pressure of the 
test conditions. The analytical method described in Reference 4 was used to 
extrapolate from lab to model -test conditions; related experience with other 
treatment design applications at elevated temperature and pressure, using 
linear materials (resistance dependent upon air viscosity), has indirectly 
confirmed the validity of this analytical method. 

Because the test conditions depended upon the simulated engine power 
settings, two designs were selected to achieve or bracket the intended values 
of acoustic impedance. In both cases, the thickness of the model treatment 
panel was 1.016 cm (0.4 inch); the first design was an Astroquartz density of 
0.0160 gm/cc (1.00 lb/cu.ft.) and the second was 0.0401 gm/cc (2.50 
lb/cu.ft.). The laboratory values of D.C. flow resistance for these two 
designs were 12.5 and 41.0 Rayls (cgs), respectively. 

Evaluation of the measured temperatures and pressures during the model 
testing indicated that a range of conditions should be considered, including 
those listed in Table 5-2. The resulting impedance predictions for the two 
designs are in Tables 5-3 and 5-4. Design #1 (with a laboratory D.C. flow 
resistance of 41.0 Rayls (cgs) generally meets the design intent (R/£c> =1.0, 
X/^t =0.) more uniformly than Design #2 (with a flow resistance of 12.5 
Rayls). The effect of increasing temperature and pressure is seen to be 
relatively small, with Design #1 being less sensitive than Design #2. 

5.3 SUMMARY OF MEASURED DATA AND COMPARISON WITH PREDICTION 


Suppression data are included in Appendix C for all cases of interest, 
including hardwall shroud effects relative to the unshrouded exhaust system, 
and treatment effects relative to the hardwall shrouds (of both lengths). 

These data include power settings of "cutback", "intermediate", and "take-off". 

For the theory-experiment comparison, data for 1 /3-octave band PWL 
suppression are summarized in Tables 5-5 through 5-7 for "static" and 5-8 
through 5-10 for "flight" conditions. Predicted suppression data are also 
shown in these tables, side-by-side with the measured data. The predictions 
were made with the revised M*S method, including the improved duct propagation 
analytical model. Predictions by the original version of the M*S where 
applicable, outer-wall treatment only, showed that there was essentially no 
difference between the original and revised model. The revised model is 
necessary, of course, to be able to predict the effect of treating the plug 
(both sides treated). 

The measured data often shows positive or negative "suppression" at 
frequencies below 250 Hz, amounting to between 1/2 to 1 dB; this is probably 
an implicit indication of the data repeatability, and could be interpreted as 
a "tare" to be applied to the suppression in the frequency bands in which 
suppression is actually occurring. 
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TABLE 5-2 


MODEL TEST CONDITIONS FOR IMPEDANCE PREDICTION 




TEST CONDITION 

SHROUD LENGTH 

POWER SETTING 

MffliuntMinfBw 


Short 

Cutback 

340. 

2.14 


Takeoff 

427. 

2.34 

Long 

Cutback 

427. 

2.34 


Takoeff 

571. 

3.0 
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TABLE 5-3 



*For Full Scale Frequencies: Calculated for Scale Model Thickness 
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TABLE 5-4 


IMPEDANCE PREDICTIONS*, DESIGN #2 (12.5 RAYLS) 


TEMPERATURE 

340°C 

427 °C 

571 OC 

PRESSURE 


2.34 ATM 

3.00 ATM 

FREQUENCY 

(Hz) 


x/Ct 

vec 

X/fc 

R/Pc- 


50 

■ 1 

-17.67 

■g 

BH 

0 

-21.00 

63 


-13.75 

EE w® 

1 am 

0 

-16.32 

80 

mm 

-10.89 

BSBi& 

M1EB 

0.23 

-12.90 

100 

0.51 

- 8.56 

yffi 

- 9.18 

0.41 

-10.12 

125 

mim: rgm 

- 6.68 


- 7.16 

0.52 

- 7.89 

160 


- 5.31 

0.58 

- 5.68 

0.57 

- 6.26 

200 

1 

- 4.22 

0.58 

- 4.51 

0.59 

- 4.97 

250 

0.57 

- 3.26 

0.57 

- 3.48 

0.58 

- 3.84 

315 

0.54 

- 2.57 

0.55 

- 2.75 

0.56 

- 3.04 

400 

0.51 

- 2.01 

0.53 

- 2.15 

0.54 

- 2.39 

500 

0.48 

- 1.53 

0.50 

- 1.65 

0.51 

- 1.85 

630 

0.47 

- 1.12 

0.48 

- 1.22 

0.49 

- 1.38 

800 

0.46 

- 0.79 

0.48 

- 0.87 

0.47 

- 1.01 

1000 

0.47 

- 0.48 

0.48 

- 0.56 

0.47 

- 0.68 

1250 

0.51 

- 0.18 

0.52 

- 0.25 

0.49 

- 0.37 

1600 

0.61 

0.11 

0.60 

0.02 

0.55 

- 0.09 

2000 

0.86 

0.40 

0.80 

0.31 

0.69 

0.19 

2500 

1.55 

0.43 

1.35 

0.46 

1.07 

0.47 

3150 

1.58 

- 0.55 

1.74 

- 0.30 

1.74 

0.16 

4000 

0.80 

- 0.41 

0.94 

- 0.52 

1.26 

- 0.62 

5000 

0.82 

0.17 

0.76 

0.02 

0.73 

- 0.21 

6300 

1.38 

- 0.24 

1.39 

0.05 

1.08 

0.26 

8000 

0.81 

- 0.17 

0.84 

- 0.18 

1.10 

- 0.36 

10000 

1.11 

- 0.26 

1.27 

- 0.05 

1.00 

0.17 


*For Full Scale Frequencies: Calculated for Scale Model Thickness 
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TABLE 5-5 CUTBACK POWER, STATIC 




*DATA NOT RELIABLE 

**M = MEASURED, P = PREDICTED 

+S1 = CLOSE SPACING; ALL OTHERS ARE AT S2 = WIDE SPACING 


ONE-THIRD OCTAVE BAND POWER LEVEL SUPPRESSION, dB 
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♦DATA NOT RELIABLE 

**M = MEASURED, P = PREDICTED 

+S1 = CLOSE SPACING; ALL OTHERS ARE AT S2 = WIDE SPACING 



TABLE 5-7 TAKEOFF POWER, STATIC 
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*DATA NOT RELIABLE 

**M = MEASURED, P = PREDICTED 

+S1 = CLOSE SPACING; ALL OTHERS ARE AT S2 = WIDE SPACING 



ONE-THIRD OCTAVE BAND POWER LEVEL SUPPRESSION, dB 
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*DATA NOT RELIABLE 

**M = MEASURED, P = PREDICTED 

+S1 = CLOSE SPACING; ALL OTHERS ARE AT S2 = WIDE SPACING 



TABLE 5-9 INTERMEDIATE POWER, FLIGHT 
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*DATA NOT RELIABLE 

**M = MEASURED, P = PREDICTED 

+S1 = CLOSE SPACING; ALL OTHERS ARE AT S2 = WIDE SPACING 


TABLE 5-10 TAKEOFF POWER, FLIGHT 
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*DATA NOT RELIABLE 

**M = MEASURED, P = PREDICTED 

+S1 = CLOSE SPACING; ALL OTHERS ARE AT S2 = WIDE SPACING 


5.4 DISCUSSION 


The data in Tables 5-5 through 5-10 show remarkably good agreement 
between predicted and measured suppression for those frequency bands dominated 
by the mid-to-low frequency jet noise. 

The largest suppression, both measured a.id predicted, occurs for the 
lowest power setting (cutback); it is less or the intermediate setting; and, 
least for takeoff. This trend is due to the shift of the source location 
further downstream as the nozzle exit Mach number increases so that there is 
less and less treatment length available between the local source location and 
the end of the shroud. 

The hardwall shroud by itself suppresses the jet noise very effectively 
over the entire frequency range. This effect is predicted very well. 

For the treated shroud, predicted and measured suppression is about the 
same for the two treatment designs. To a large extent, this is believed to be 
the result of relatively small differences in normalized impedances of the two 
designs under operating conditions and of axial variation of the temperature 
and pressure of the airflow within the shroud. The actual normalized 
impedances departed in localized areas significantly from these values 
tabulated in Tables 5-3 and 5-4 which are based upon the estimated average 
conditions listed in Table 5-2. 

Relative benefits of the long versus short shroud and of treatment on the 
outer wall, only, versus on both walls, are predicted reasonably well. 

At frequencies above 2000 Hz, the prediction of treatment suppression 
consistently is higher than the measured data. This discrepancy existed in 
the predictions by the original M*S method and is one of the main reasons that 
the improved analytical model, discussed in Section 5.2, was incorporated. 

The factor in the improved propagation model which was expected to improve 
this part of the correlation, was the effect of duct Mach number on the axial 
propagation constant, and the increase in modal cut-on-ratio associated with 
this factor. The discrepancies in the high frequency end of the spectrum did 
not show up in the original development of the M*S method because the 
correlation was made with treatment consisting of single-layer honeycomb with 
perforate facesheet, the so-called single-degree-of-freedom (SDOF) treatment, 
which had poor high frequency impedance properties. The Astroquartz bulk 
absorber used in this program, on the other hand, has near optimum impedance 
(particularly reactance) from 1000 Hz and above. That, in combination with 
the increasing number of higher-order modes with increasing frequency and with 
the source-location prediction that says the higher the frequency, the closer 
its source is to the nozzle exit plane, resulted in an increasing level of 
predicted suppression with increasing frequency. 

This discrepancy in high frequency suppression, in fact, is probably a 
consequence of the gap between the nozzle exit plane and the beginning of the 
shroud. The highest frequencies are generated in close proximity to the 
nozzle and can very easily leak out that gap, which provides a flanking path 
that assumes more and more importance as the suppression of the shroud itself 
i ncreases. 

Overall, the suppression as predicted is the correct order of magnitude 
for the effects of the variations included in the comparisons of the Tables 
5-5 through 5-10, and the algorithm in Appendix A is deemed a reasonably good 
method for engineering preliminary design studies. 
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6.0 CONCLUSIONS 


This program, along with its companion aerodynamic performance investigation 
contract, NAS3-23038, was successful in establishing the chute-suppressor/ 
treated ejector system as a viable concept for AST/VCE application. A large 
acoustic and diagnostic measurements data base has been accumulated with 
pertinent results documented within this report. Detailed measurements are 
thoroughly documented within a two volume companion comprehensive data report 
(Reference 3) and stand ready for future developmental use, when required. 

Within the design parameters investigated, the suppressor/ejector system has 
been found to allow substantially improved suppression levels, well beyond those 
attainable by the basic unejected coannul ar-chuted suppressor. The optimum- 
tested suppressor/treated ejector system allowed 2400 ft. sideline peak PNL 
suppression at takeoff of 11.4 APNdB relative to a conic nozzle; a very 
significant 4.8 APNL greater than the baseline 20-chute suppressor. Simulation 
flight EPNL for the same condition yielded 9.8 AEPNL for the suppressor/ejector 
system, an additinal 5.2 AEPNL above that of the unejected system. 

Ejector performance at lower velocity, e.g., cutback cycle, is even more 
significant, 6.8 Apeak PNL and 6.3 AEPNL additional suppression provided by 
the treated ejector/plug system. The retention of acoustic suppression 
effectiveness to very low operating cycles is undercharacteristic of most 
mechanical jet noise (unejected) systems previously investigated. Most follow 
the pattern where suppessor absolute noise levels approach those of the 
reference conical nozzle at low jet velocity. Retention of suppression at low 
cycles through ejector application offers a significant advantage for quiet 
part power, e.g., cutback, operation. 

Other specific conclusions include the following: 

o In comparing static to flight acoustic performance, the suppressor/ 
ejector system does not lose suppression nearly as rapidly as the 
unejected baseline suppressed nozzle. 

o Application of the hardwall ejector, in itself, provides a major portion 
of the ejector system's suppression effectiveness, contributing signifi- 
cantly to both forward and aft quadrant suppression. Of major 
significance is that the forward radiated jet noise is still reduced 
substantially at all cycle conditions, even though aft quadrant 
suppression levels may diminish. 

o Application of treatment to the ejector inner flowsurface is primarily 
effective within the longer ejector system, effectiveness being marginal 
within the shorter ejector length. The longer ejector with the single 
surface treatment is, however, seen primarily effective on suppression 
of forward quadrant radiated noise, peak noise angles being minimally 
effected. 

o Addition of further treatment to the plug surface significantly improves 
suppression beyond that attained with just the ejector surface treatment. 
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Treatment design variation, within the limits evaluated with the bulk 
absorber Astroquartz material, was not critical to attained suppression 
levels. 

o Ejector length increase was primarily effective in further reduction of 
forward quadrant radiated noise; the aft quadrant peak noise levels 
showed mixed results relative to short versus long ejectors. 

o Axial location of the ejector system was very significant, the further 
aft location showing both aerodynamic base pressure ( ACfg) and 
acoustic suppression superiority. At takeoff cycle, nearly 2 dB 
increased suppression was noted for static and 1 dB for flight PNL 
using the further aft ejector location. 

o Use of a softwall plug surface as a pseudo-porous plug within an 
unejected/chute-suppressed nozzle showed no further reduction of 
forward quadrant shock associated noise, even though shock structure in 
the close vicinity of the plug surface was softened. 

Of other major significance within the program was the updating of an 
existing computer coding to predict the suppression to be expected from a 
treated shroud used in conjunction with dual -flow multi -element suppressor 
nozzles. The original coding had a simplified model for duct propagation and 
was limited to treatment applied to the ejector surface only, not including 
the plug. The revised coding improved the analytical model to handle annular 
geometry and to estimate the modal weighting function of all modes that can 
propagate. This improved coding enables a better estimate of the energy 
attenuation of the treatment, because of its improved estimate of modal energy 
density and the effect of airflow Mach number. Comparisons of measured and 
predicted suppression levels, using the revised coding, showed very good 
agreement for many of the geometric and treatment design changes investigated. 

Even though a significant acoustic data base was acquired and major 
advances were made in levels of suppression attainable, the suppressor/ejector 
system remains un-optimized in its maximum level of attainable suppression. 

The system was "optimized" only within the allowable range of parameters 
capable of investigation within the limited number of test configurations. 
Further investigation into certain aspects of ejector nozzle development will 
be beneficial in the future to enhance acoustic performance, particularly when 
a more exact aerodynamic cycle is selected for takeoff and cutback operation 
of a product AST/VCE. The revised predictive coding will also aid in pre-test 
optimization. Major technical goals yet to be achieved include development of 
high temperature acoustic treatments capable of sustained operation within the 
ejector environment. 
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7.0 NOMENCLATURE 


a,c 

Aflow = A8 

Achute* A blocked 
A* 

at 

AST 

AVPT20 

C, 

C/B 

CDR 

COR 

C fg 

Oeq 

D, d 

DLCCFG 

DMS 

EPNL 

EPNLN 

f 

F 

FD 

FDCHUT 

fps 

F ref 

FSUPR 

FTFSDR 


Speed of Sound, m/s, f/s 

Nozzle flow area, m 2 , In 2 

Blocked area of chute. In 2 

Chute elemental base area. In 2 

Total chute base area, in 2 

Advanced Supersonic Technology 

Test Cell Average Barometric Pressure, psia 

Centerl i ne 

Cutback 

Comprehensive Data Report 
Cut-of f-Rati o 
Thrust Coefficient 

Equivalent conical nozzle diameter based on total flow 
area, in. 

Diameter, in 

Delta thrust coefficient, % 

Data Management System 

Effective Perceived Noise Level, EPNdB 

Normalized Effective Perceived Noise Level, EPNdB 

frequency. Hertz 

Thrust, Newtons, Lbs 

Total base drag of 20 chutes. Lb 

Base drag per chute. Lb 

feet per sec 

Reference thrust, 22820 Newtons, 5130 Lbs 

Ideal thrust of outer stream (suppressor) nozzle. Lb 

Flight Transformed - Full Scale Data Reduction 
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H 

hp 

Hz 

L 

LI 

L2 

LBM 


LV 

LVM 

M 

NF 

Me 

Mco 

Mo 

M*S 

OAPWL, PWL 
1/3 OBPWL 
OASPL 
OASPLN 

1/3 OBSPL 
P 

^amb 

PBAV 

PNL 


Histogram or Hardwall surface of plug/ejector 
Horsepower 

Hertz, Cycles per Sec 


Radial distance of instrumentation item to nozzle 
centerline, in. 

Nominal length ejector 


Extended length ejector 

Defined as 10 loo eff, 
where. 




(H 4 eff ) 2 - IS 


«eff 


?r E’ 




_ 2 _ 
Y ‘ 


(p e ff ) r 



„eff 


P° r A° 
A 0 


♦ P' 


+ A 


A 


1 


Laser Velocimeter 

Defined as 10 log (Vj m1x /a am b) 

Mach No. 

Normalization factor; defined as -10 log ( £ \/ £ , dB 

\ F ref J\ P amb / 

Convection Mach No Relative to Nozzle 

Convection Mach No Relative to Nozzle - Convection Mach 
No Relative to Observer 

Convection Mach No Relative to Observer 

Motsinger-Sieckman Prediction Method 

Overal 1 sound power 1 evel , dB re 1 0 - l 2 watts 

1/3 Octave band sound power level, dB re 10“1 2 watts 

Overall sound pressure level, dB re .0002 dynes/cm 2 

Normalized overall sound pressure level, OASPL+NF, dB re 
.0002 dynes/cm 2 

1/3 Octave band sound pressure level, dB re .0002 dynes/cm 2 
Pressure, psia 

Ambient pressure, pascal, psia 
Chute average base pressure, psia 
Perceived noise level, dB 
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PNLN 

P/R,Pr 

ps.p1. 

PRI,P^ 

PRO,P{! 

n 

R 

R hub 

R obs 

Rt s 

R tip 

51 

52 

Scfm 

SDOF 

SPL 

SPLN 

T 

T1 

T2 

TE 

T/O 

T S 

TTI* Tj 1 ' 
TTO, T t ° 
V 


Normalized perceived noise level, PNL+NF, dB 

Pressure ratio; defined as ratio of total to ambient 

Static pressure, psia 

Inner nozzle pressure ratio 

Outer nozzle pressure ratio 

Inner duct radius, in 

Outer duct radius, in 

Radial distance to location of axial LV traverse, in, 
and normalized specific resistance 

Radius to hub of outer stream suppressor, in 

Distance from exhaust nozzle to microphone, ft 

Radius of suppressor at the chute tip, in 

Radius to tip of outer stream suppressor, in 

Nominal position of ejector axial location 

Extended position of ejector axial location 

Standard cubic feet per minute 

Single degree of freedom 

Sound pressure level, dB 

Normalized sound pressure level, SPL+NF, dB 

Temperature, °K, °R, °F 

High density acoustic treatment design 

Low density acoustic treatment design 

Treated Ejector 

Takeoff 

Static Temperature, °F, °R 
Total Temperature of inner flow, °R, °R 
Total Temperature of outer flow, °R, °R 
Velocity, n/s, f/s 
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V 


V* 

VABI 

VAC,V a/c 

VCE 

VJI.Vji 
VJO, Vj° 

YJMIX.VjHix 

W 

X 

x 

x' 

** 

P 

r 

A 

«C 

® 1 * 

t 

?amb 


Mean Velocity, m/s, f/s 

Turbulent Velocity, m/s, f/s 

Variable Area Bypass Injector 

Simulated flight velocity, m/s, f/s 

Variable Cycle Engine 

Inner stream velocity, m/s, f/s 

Outer stream velocity, m/s, f/s 

Mixed stream velocity, m/s, f/s 

Ideal calculated weight flow rat? K g / S , Lb/s 

Normalized specific reactance 

Axial distance of instrumentation item to ejector inlet 
surface, in, or, axial distance from exit plane of primary 
nozzle, in 

Axial distance from exit plane of ejector nozzle, in 

Absorption coefficient 

Shock strength parameter 

Ratio of specific heats 

Delta 

Critical refraction angle, degrees 

Incidence angle, degrees 

Angle relative to inlet, degrees 

Jet density 

Ambient air density 

Density exponent 


SUPERSCRIPTS 

i 

mix,eff 

o 


Inner Jet (Nozzle) Conditions 
Mass Averaged Conditions 
Outer Jet (nozzle) Conditions 
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SUBSCRIPTS 


ac ,a/c 

amb 

fs 

j 

r 

ref 

S 

T 


aircraft 

Ambient 

free-stream 

jet 

Ratio 

Reference 

Static 

Total (Stagnation) 
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APPENDIX A 


ALGORITHM FOR PREDICTING THE EJECTOR SUPPRESSION, HARDWALL AND TREATED 

FIGURE 

NUMBER 

1. Review of original M*S program "Subroutine EJECTS" 

• Flow Chart A1 

• Program Listing A2 

2. Summary of revised version of "Subroutine EJECTS" 

• Program Listing A3 

3. Listing of the complete revised M*S Program (Changes 

Annotated) A4 

> 
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INITIALIZE 
EJECTOR EFFECT 


CALCULATE 
APPROXIMATE 
FREQUENCY 
OF PEAK NOISE 


AS PL 
< 0 
? 


/ GO TO 


CALCULATE 
LENGTH EFFECT 


CALCULATE 
EJECTOR RADIUS 



CALCULATE 
J>) EFFECTIVE 

^ AREA RATIO 


DETERMINE 

DIRECTIVITY 


DO FOR 
24 FREQ 


g\ CALCULATE 

REFERENCE AS PL 


DETERMINE 
AS PL 


FIGURE A- 1 . ORIGINAL M*S ANALYSIS STEPS IN SUBROUTINE EJECTS 








Step 


Step 


Step 


Step 


Step 


Step 


© 





FIGURE A-l (CONTINUED). ORIGINAL M*S ANALYSIS STEPS IN SUBROUTINE EJECTS 
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Step 


Step 


Step 


Step 


Step 









Step (io) 


Step (3l) 


Step (S) 
Step (Si) 

Step ( 3 ) 


FIGURE A-l (CONCLUDED) 


ORIGINAL M*S ANALYSIS STEPS IN SUBROUTINE EJECTS 



SUBROUTINE EJECTS 


76/76 OPT=l 


11/18/77 14.09. 16S 


PAGE 


l 


10 


SUBROUTINE EJECTS 

EJECTS — EJECTOR EFFECT SUBROUTINE 
COMMON /QM/ M.OJ 

COMMON/CM l /L (9.24) .X(?4) »F (24) ,E (24 > ,S ( IS«?4) .K*(24.*) .C( 15.5> 
1 0<20) *RR(49) ,RX(49) .P (20) .R( 15.24) .Yl(24) .Y (24) »C1 < 15) .RV£(20> 
1 SI (24) .G (2.24) .CE( IS) .T(?0) .0(20) «W(5> . A (4) ♦ V (3) .£1 ( 15 .24) 
COMMON /CM2/ V8.A0.W8.K1 .Y9.T8.T5.R7.P1 .29.0J. AJ.H.U»E9 
1 .T0.V9.C9.08.D1 . VO »09» A8.Q.L9. A6» A7.S6.P9.P9.ALT »SL« AN1 
COMMON /CM3/ 1 1 AS (2) . I ICASE (6) . IDCASE(6) . IOENT (6) 

REAL l.KK.Kl 

REAL L8.L9.L2.K6.L3.M 


IS 

110 

DO MO 1*1*15 
00 no Jsl*24 
FI <1. 

Step 

1 



FP=.3*V8/50RT(4*A8/P1 ) 

Step 

2 

fTTmiTimi 1 1 1 1 1 ■ ■ 




Step 

4 

20 

133 

AS=A6 $ IF ( Y9.GT.3) GO TO 133 J 1F(R9.E0.0) GO TO 140 
A5=A6/ <1 0** ( 1 2.78*101/56-1 )**?♦. 0461 ) 

Step 

5 


140 

D 2=1.8-23. 59* A5- ( 1 1 0* ( ALOGIO (P9/1 .9) ) **2) ♦.OOS* (T8-T0) *30 

Step 

6 

— 


IF (02. LT .0) GO TO 280 

Step 

~7 


25 


30 


Step 9 


00 270 1 = 1.15 3 AJs(I.n»10 

IF ( AJ.GT .OJ-60) GO TO 165 $ DE=. 64*02 $ GO TO 220 
165 IF (AJ.LT .OJ-30) GO TO 180 

IF(AJ.GT.OJ) 60 TO 200 5 0E=.?*02 S GO TO 220 
160 DE=02* (-4.B88E-4* <AJ-OJ*60> **2* .64) 

IF(DF.GT.O) GO TO 220 $ OE=0 $ GO TO 270 
200 IF ( AJ.GT .0J+20) GO TO 210 $ 0E=Q2*SaRT ( ( AJ-OJ) /20) J GO TO 2? 0 

210 DE=02*( .00925* (AJ-QJ-2Q) ♦!) 4^ 

' SPECTRAL EFFECTS 


Step 8 


35 

220 

DO 260 J=l.24 $ I F (FP.GT .l,12*F (J) ) 60 TO 25<J 

stip 10 

I 


240 

250 

IF(F(J)/FP. GT .8) GO TO 240 
El n.J)=.2*(F( Jl/FP-l )**2-DF S GO TO 
FI < I » J) =9.5-0E t GO TO 260 
El ( I . J) =-OE 

260 t 

Step 11 

J 

260 

CONTINUE ~ ~ “ 


270 




40 

280 

IF(A(1) .EO.O) GO TO 820 



12 


C 

EJECTOR TREATMENT EFFECTS 


Step 

13 



X J=M/5.0 S IF (M.LT .1.13) GO TO 330 $ 

_XJ=.2?6 



330 

D4=SQRT(4*A8*AN1/P1) $ L3=L9*D4 
03=03*?. 0 


Step 

14 


45 


SO 


55 


460 


500 


YJ=. 0216-2. 5094*xJ 
IF (XJ.LT.. 08929) GO TO 460 
YJs. 60504-3. 48606* (XJ-. 08929) 
IF (XJ.LT.. 22321) GO TO 460 
YJ=. 138 19-2. 00 751* (XJ-. 22321 ) 
IF (XJ.LT. .26786) GO TO 460 
Y J=.04855-. 90634* (XJ-. 26786) 
IF«XJ.LT.. 32143) GO TO 46C 
Y J=Q 

Tl= ( All > ♦ ,85*A (3> *YJ) /1 2 
RS= ( .3*xj> /At?) 


Step 15 


DO 815 J* 1.24 % A4=0 


Step 16 


FIGURE A-2. ORIGINAL M*S 
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SUBROUTINE EJECTS 


76/76 OPT=I 


11/18/77 1A.08.16S 


PAGE 


2 


FREQUENCY DETERMINATION 

00 755 K.8=l * 3 $ IF(K&-2> 520.5T0.SA0 


St< 


60 

520 

530 

5A0 

P3=F(J>*6. 28318*. 89 S GO TO 550 
P3=F(J>*6. 23318 5 GO TO 550 
P3=F(J>*6. 28310*1.1? 

“1 i 

Step 18 

* 


550 

XA=(P3*T1 »/(AO*A<0) 1-1/TAN < (P3*A(A*/12)/A0) 

Stdp 19 



IF(A(1».NE.I0) GO TO 580 

Step 20 

65 


IP=K8*2* J-2 
RS=RRUP) 

XA=RX(IP) 

Step 21 


590 

A3=0 5 DO 730 1=8.15 S K6=0 S A JR= ( ( I ♦ 1 ) *1 0-9ft 1 *P1 / 1 8ft Step 22 

70 

C 

A1 =A*RS*COS ( A JR ) / ( ( 1 ♦RS*COS ( AJR» ) **2« Txa*COS<AJR' 1**2) 

absorption PER reflection 

A2=l 0*AL0G1 0 ( 1 - A 1 ) 

Step 23 



DO 690 K=l*25 5 Xj=( (2.5*X(J) »/25)*K 

Step 24 


C 

SOURCE LOCATIONS 
ZJ=XJ/X(J» 

Step 25 

75 


S2J=-1 1 • 1 91 36*32.76957 *ZJ-3 7.63 3732 *ZJ**2* 23. 97 0385 *2 J** 3 _ 
S2J=S2J-1 0. 1 15712*ZJ**A*2.A0A521 a*ZJ**5-.235769S9*7 J**6 Ste P 26 
S2J=S2J-1 1 .6 


EFFECT FOR ALL REFLECTIONS 
DO 675 JJ=1»1 l$TF(JJ.6T.l > GO TO 660^L2= (03/2-Sfe) *tAN ( AJR) *XJ 


8c 

660 

670 

675 

GO TQ 670 

L2=L2*03*TAN<AJft) 

IF (L2.GT ,L3) GO TG 660 
CQNT IHDE 

Step 

27 


680 

K6=K6* 1 0** ( ( (JJ-I )*AZ*S2J>/10> 

Step 

28 

'85 

690 

C 

CONTINUE 

POWER. LEVEL reduction 

Step 

29 



A J= ( I ♦ l ) * 1 0 S K6=10*AL0610(K6> 



90 

730 

YJ=1 .5*P 1 * (COS < (AJ-5) *P1/I80)-C0S( (AJ*5)*P1/180) 1 
A3=A3* <2.2275R5E-6*AE-8*YJ*10**(K6/10) 1 
continue: 

A3=lO*AL0G10 ( A31 *1 30-6.A51 75 

AA=AA*lO«*(A3^ini 

Step 

30 


755 

CONTINUE j A4=10*ALOG10<AA/3» 

Step 

31 

95 

C 

800 

directivity EFFECTS 

DO 815 1=1.15 $ AJ*<I*i>*lO $ A5=AA 
IF ( A J.LT .OJ-50 ) GO TO 800 $ IF(AJ.LT.OJ) GO TO 0lO 
A5=A.A/2 

Step 

32 


STF" 

El ( I * J> =E1 LI * J) ♦ <A5*1 .2) ” 

Step 

33 


615 

CONT INUE 



100 

82 0 

RETURN I END 

Step 

34 


FIGURE A- 2 (CONCLUDED). ORIGINAL M*S 
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10460 SUBROUTINE EJECTS 

10470C EJECTS — EJECTOR EFFECT SUBROUTINE 

10480 COMMON /QM/ M,OJ 

10490 COMMON /CM 1/L(9,24) , X ( 24 ) , F < 24 ) , E ( 2 4 1 , S ( 1 5 , 24 ) , KK( 24 , 5 > , C ( 1 5 , 5 ) , 0< 20) , 
105004 RR(49),RX(49),P( 20 1 ,R( 15,24 > ,Y1 (24 ) ,Y(24 ) ,C1 ( 15 > ,RVE( 20 ) , 

105104 SI (24 > ,G(2,24 ) ,C2< 15,2) ,T<20> ,D(20) ,W(5> ,A(4) ,V(3) ,E1 ( 15,24) 

10520 COMMON /CM2/ VO ,A0, W8 , K1 , Y9 ,TC ,T5 , R7,P1,Z9,DJ,AJ,H,U,E9 , AA 
105304 ,T0,V9.C9.D8,U1 , V0 , 09 ,A3 . Q , L9 , AG , A7 , S6 , P 9 , R9 , ALT , SL , AN 1 , NFLT 
105354 ,HTR.NST,XMJMIX.TJMX,VJHX 
10540 COMMON /CM3/AS .CASE 1 0 . E3 , PNL < 20) 

10550 REAL L,KK,K1 , IMH. IMII1 

10560 CHARACTER AS *20, HAME*60 , ADDRES*60 , IDENT*60,CASEIO*G0 
10570 REAL L8,L9,L2.KG,L3,M 
10580 REAL MACH 

10590 DIMENSION IMH ( 10) . WTGFN ( 10) , IMH 1 ( 10) 

10600 INTEGER TM 
10605 REAL LAMBDA 


10610C HARDWALL EJECTOR EFFECTS 

10630 SONSPD-49.01*SQRT(TJMX) 

10640 D3»SQRT(A6*A7*A8*AN1/PI+S6**2-A7*A8*AN1 /P 1 ) 
10650 AITCH=D3*( 1-HTR ) 



10660 RBAR-D3M 1+HTR )/2. 


10670 MACH-VJMX/SONSPD 


10700 IF (MACH.GT. .95 MACH-. 95 
1 1030 DO 110 1 = 1,15 
1 1040 DO 1 10 J-l ,24 
11050 110 E 1 ( I , J ) ”0.0 


11070 L8-5*ALOG10(L9/2) 



1 1 3 10C EJECTOR TREATMENT EFFECTS 

11320 XJ=M/5 .0 : IF ( H. LT. 1 . 1 3 ) GO TO 330 


11330 330 D 4 “SORT (4*A8*AN1/P1 ) ; L3»L9*D4 
11340 D3=D3*2 .0 


11470 500 DO 815 J-l, 24 ; A4-0 
11475 TM-0.00 

1.1 480Q FREQUENCY DETERMINATION 

11490 DO 755 K8= 1 ,3 : GO TO (520.530.540). 
11500 520 P3=F(J>*6. 28318*. 89 ; GO TO 550 
11510 530 P3=F ( J )*6. 2831 8 ; GO TO 550 

1 1520 540 P 3 = F ( J >*6.28318*1 . 17 

11530 550 CONTINUE 

11550 IP-K8+2*J-2 
11560 RS=RR ( IP) 

1 1570 X 4 =RX ( IP ) 

11580 LAMBDA- 2 .*P1*S0NSPD/P3 

11590 ETAY-A I TCH/LAMCDA 

11600 ETAZ = 2.*P1 *R BAR /LAI IB DA 

11610 XMAX=( 2*ETAY/SQRT( 1-MACH**2) >+l 

11612 NMAX- I F I X ( XMAX ) 

11620 YMAX- ( ETAZ/SQRT( 1-MACH**2> )■*•! 


(Step 15 eliminated) 


Step 18 

iteps T9 and 7D eliminated Step 16 

Step 21 St< f P 17 | 


FIGURE A- 3. PROGRAM LISTING OF REVISED VERSION OF SUBROUTINE EJECTS 
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11621 MMAX-IFIX1YMAX) 

1 1624 IF1NMAX.EQ. 1 . AND . MMAX . EQ . 1 1GOTO 815 

11626 DO 855 LZER-1 , 10; IMHt LZER)=1E-10; IMH1 ( LZER)-1E-10 

11627 855 WTGFN1LZER)=0. 

11629 TF1-0 

11630 DO 880 NH-l.NMAX 
11640 DO 870 MM- 1 .MMAX 
11650 N I ND-NM-1 

11660 MINO-MM-1 
1 1670 IF (NIND.EQ. 0 > GOTO 830 
11680 GOTO 840 

11690 830 IF (MIND.NE .0 )GOTO 840 
11700 PHI =0 
11710 GOTO 850 
11719 840 CONTINUE 

11730 PARAM=SORT( ( ( P 1 *N I ND ) **2 ) + ( 2*MI ND* ( 1 -HTR ) / ( 1 + HTR ) ) ** 
11740 COR-2* P 1 *ETAY/ I P ARAM* SORT ( 1-MACH**2) ) 

11750 IF (COR.LE. 1 . 1GOTO 870 
11760 PHI-1 ARSINl 1 /COR ) ) * 180. /P 1 
11770 850 CONTINUE 
11800 DO 860 LDIF-1,9 
11810 BETA-LD IF* 10. 

11820 I F ( PH I . GT . BETA )GOTO 860 

11830 I MH 1 LD I F ) - IMH 1 LD IF ) + 1 

11835 GOTO 865 

1 1840 860 CONTINUE 

11845 865 CONTINUE 

1 1850 TM-TM+l 

11060 870 CONTINUE 

11870 080 CONTINUE 

11080 DO 890 LANG-1, 9 

11890 L L - 10-LANG 

11000 I Mill t LL ) = 1MH<LANG> 

11910 WTGF N { L L ) = 1 0*ALOG 101 9* IMH 1 { LL ) /TM ) 


Step 17 


'< (1+1 )*10-90)*P1 


11930 590 A3=0 ; DO 730 1-9.17 : K6=0 : APR- ( II + 1 ) * 10-90) *P 1 / 1 80 Step 22 

11940 N= I -8 

11950 A1=4*RS*C0S1A0R ) / 1 ( 1+RS*COS(AOR ) ) **2+<X4*COS<AOR ) )**2 ) 

11960C ABSORPTION PER REFLECTION oo 

1 1962 XXX- 1 -A 1 btep 

11964 I FIXXX.LT. 0.0000001 1XXX-0. 0000001 

11970 A2-10*ALOG10(XXX) 

11980 DO 690 K-1.25 ; XU = I ( 2 . 5*X ( 0 > ) /25 ) *K Sfpn OL 

1 1990C SOURCE LOCATIONS K 

12000 ZO-XO/XIO) ; S20--11 . 19136+32. 76997*ZO-37.G33732*ZO**2+23.970385*ZO**3 
12010 S2O=S2O-10.115712*ZO**4+2.4045214*ZO**5-.23576959*ZO**6 c+p n o 25 K 
12020 S20-S20-1 1 . 6 Steps ZO i* Zb 

12030C EFFECT FOR ALL REFLECTIONS 

12040 DO 675 OJ=l,ll;IF(JU.GT.l) GO TO 660; L2= ( D3/2-S6 ) *TAN 1 AOR > +X0 ; GO TO 670 
12050 660 L 2 = L2 + D3*TAN I AOR ) * I 1 .0-HTR ) /NST 

1 205 4C Step 27 

12056C p 

12060 6 70 IF ( L2-GT.L3 ) GO TO £S0 

;2070 675 CONTINUE 

12077 680 CONTINUE ‘ 

12070 FORK-1 (00-1 ) *A2+V/TGFN IN1+S20 )/10 Revised Step 28 

1 2080 K6-K6+ 1 0** F OR K K 

12090 690 CONTINUE 

12100C POV/ER LEVEL REDUCTION 

1 2110 A0 = 1 I + 1 ) * 10 : KG- l.U*ALOG 1.0 1 K6 ) Step 29 

12120 YO-1 . 5' P 1 * 1 COS 1 {A0-51-P 1/100) -COS( ( AO +5 > *P 1 / 180 ) ) 

12130 A3=A3+( 2.227525E-G*4E-C*YU*10**(KG/10) ) 

12140 730 CONTINUE SteD 30 

12150 A3-10*ALOG10(A3 I -rl 30-6. 451 75 H 


12160 A4-A4+10**(A3/10) : 755 CONTINUE ; A4- 10*ALO G 10 

1 2 1 70C DIRECTIVITY EFFECTS FOR TREATMENT 

12180 DO 8615 1=1,15 ; AU=(I+1>*10 ; A5-A4 c „ 00 

12190 IF1A0 .LT. 00-50) GO TO 000 ; IF(AO.LT.OO) GO TO 810 btep 

12200 800 A5-A4/2 


12077 

12070 


Revised Step 28 


Step 29 


Step 30 




1 T2T5 8615 CONTINUE 
12220 815 COUTH 


12230 820 RETURN ; END 


Step 34 


FIGURE A-3( CONCLUDED). PROGRAM LISTING OF REVISED VERSION OF 

SUBROUTINE EJECTS 
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FIGURE A-4. LISTING OF THE REVISED M*S PROGRAM 
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FIGURE A- 4 (CONTINUED). LISTING OF THE REVISED M*S PROGRAM 


AROWALL EJECTOR EFFECTS 
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FIGURE A- 4 (CONTINUED). LISTING OF THE REVISED M*S PROGRAM 
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FIGURE A- 4 (CONTINUED). LISTING OF THE REVISED M*S PROGRAM 
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FIGURE A- 4 (CONTINUED). LISTING OF THE REVISED M*S PROGRAM 
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FIGURE A-4 (CONCLUDED). LISTING OF THE REVISED M*S PROGRAM 



APPENDIX B 


GENERAL ELECTRIC LASER VELOCIMETER SYSTEM 


General Arrangement 

The laser velocimeter (LV) available for use during this program is a 
system developed under a USAF/DOT-sponsored program and reported in detail in 
Reference B-l. The basic optics system is a differential Doppler, backscatter, 
single-package arrangement that has the proven feature of ruggedness for the 
severe environments encountered in close proximity to high velocity, high 
temperature jets. Figure 3-5 of Section 3.1.4 shows a photograph of the LV 
system in the General Electric Anechoic Test Facility. The dimensions of the 
control volume are 0.636 cm (0.25 inch) for the major axis and 0.518 cm (0.020 
inch) for the minor axis. The range of the LV control volume from the laser 
hardware is 2.16 m (85.0 inches). The three steering mirrors and the beam 
splitter are mounted on adjustable supports, all of the same aluminum alloy, 
which minimizes temperature-alignment problems. 

LV Actuator and Seeding 

A remotely actuated platform is used which has three axes: vertical, 

horizontal, and axial. Travel capabilities are 0.813 m (32 inches), 0.813 m 
(32 inches) and 5.79 m (228 inches), respectively. Resolution is + .16 cm 
(+1/16 inch) for each axis except for the last 5.28 m (208 inches) of axial 
travel, which hs a resolution of +.32 cm (+1/8 inch). 

Seeding is by injection of aluminum oxide ( A1 2 O 3 ) powder, nominal 
1 -mi cron diameter, into the supply air to the burner and into the region of 
the nozzle to seed the entrained air. The powder- feeder equipment used is 
described in Reference B-l, except that the fluidized bed column supply air is 
heated to about 394. 1°K (250° F) to prevent powder aggregation by moisture 
absorption. 

Signal Processing and Recording 

The LV signal processor used is a direct-counter (time-domain) type 
similar to that reported in Reference B-l, but with improvements. These 
improvements result in a lowered rate of false validations and improved 
linearity and resolution. Turbulent-velocity probability distributions 
(histograms) are recorded by a 256-channel NS633 pulse-height analyzer. All 
the data acquired from the laser unit is transmitted to a minicomputer system 
which stores the data on diskettes and performs all the necessary data 
reduction functions. 

The processing capabilities of the General Electric LV system are as 
fol 1 ows : 

0 Velocity range - 10.7 to 1,524 mps (35 to 5,000 fps) 

0 Random error for single particle accuracy (error associated with 

system inaccuracies such as fringe spacing, linearity, stability, 
burst noise) - 0.75% 
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o Bias error for mean velocity - 0.5% 

o False data rejection capability (possibility of accepting bad data) 
- <£ 0 . 0002 %. 

The system uses a 16-fringe control volume where all of the eight center 
fringes are used in the data acceptance/rejection testing. 

LV Data Reduction Procedures 


The concept of using LV measurements for obtaining the mean and turbulent 
velocity profiles may be described as follows: Two beams of monochromatic 

light intersect at a point in space and set up a fringe pattern of known 
spacing (Figure B-l). The flow is seeded with small particles which pass 
through the measuring volume. The light scattered from the particles is 
collected, and the laser signal processor measures the time it takes for the 
particles to pass through each fringe. Knowing the distance and time for each 
validated particle enables the construction of the usual histogram (see insert 
on Figure B-l). Then by statistical techniques, the mean value (which corre- 
sponds to the mean velocity) and the standard deviation (which corresponds to 
the turbulent velocity) are constructed. The method of calculation used to 
obtain the mean and turbulent velocities from LV measurements is described 
below. 

Hi stogram 

A histogram is an estimate of the first-order probability density of the 
amplitude of a given sample. To obtain a velocity histogram, the 
time-dependent LV velocity, V(t), is accumulated and divided into classes 
bounded by values of velocity increments Vj. For each independent sample of 
velocity, a class interval is formed such that Vj ^ V(t)~ Vj+]. During a 
measurement period, kj number of velocity samples are accumulated in each 
sample class Vi. From the total sample of measured velocity points, the 
histogram is constructed as shown in Figure B-l. The mean velocity and 
turbulent velocity derived from the histogram are obtained as described below. 

Mean Velocity 

The mean velocity of the jet, Vj, obtained from the discrete velocity 
sample is calculated by: 

V 2 

All Class 
Intervals 

where 

Vi+l + Vj is the value of the sampled axial velocity component at the 
2 center of the class interval 

ki is the number of velocity samples in the class interval 

N is the total number of velocity samples (=^*_kj) in the histogram 
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No. of Particles, 

K t at a Velocity V 4 


Constructed Histogram 
from LV Samples 



Particle Entering 
LV Measurement Volume 


FIGURE B-l. SCHEMATIC OF LASER VELOCITY MEASUREMENTS 
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Turbulent Velocity 


To obtain the turbulent velocity, v', from the sampled data contained in 
the histogram, the standard square root of the statistical variance is 
performed. This calculation is performed using the following equation: 



All Class j 

L Intervals J 

Statistical Errors for LV Mean and Turbulent Velocity Measurements 


With any large data sample, as obtained through the collection of 
velocity samples in an LV histogram, guidelines for estimating the accuracy of 
each measurement are required. Table B-l provides estimates of the percent 
error obtained for a mean velocity or turbulent velocity LV measurement. 

Table B-l lists the percent error for a 95% confidence statement of mean 
velocity measurement as a function of the total number, N, of velocity samples 
contained in the histogram and the turbulence level, v'/Vj. Table B-l also 
gives the percent error for a 95% confidence statement of the turbulent 
velocity estimate as a function of N, the total number of velocity samples. 

As can be seen from Table B-l, a fairly small sample of velocity measurements 
is required to obtain a good estimate of the mean velocity. For the turbulent 
velocity, the number of data samples required for a good estimate increases 
substantially. The usual number of samples obtained with the General Electric 
LV during a routine data-taking measurement performed during this program is 
approximately 1,000 samples. For a simple and quick diagnostic-type 
information, this amount of samples is sufficient. 

LV Traverses for Mean Velocity Profiles 


In addition to the above described stationary mode of LV operation for 
the determination of mean and turbulent velocities at discrete points, the LV 
can be operated also in a traversing mode to obtain continuous profiles of 
mean velocities. These traverses are possible along any of the three LV 
axes. During these traverses, the data describing the velocity levels and the 
location of the measurement volume are recorded continuously on an X-Y 
plotter. The traversing speeds are adjusted as well as traverses repeated for 
obtaining well-defined mean velocity profiles. While exact sampling rates 
during these traverses are not recorded in any way, it is felt that an 
estimated rate of approximately 250 samples per inch of traverse is needed for 
a well-defined smooth profile. 

LV System for Mini histograms 

The LV System has been modified to have the following additional features 
in a traversing mode: 

o A modified slant traverse mechanism that enables LV traverses to be 
made along an axis that is other than truly vertical ( i . e. , parallel 
to the plug surface) of an annular plug nozzle. 
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TABLE B-l 


ESTIMATES OF ERROR IN MEAN AND TURBULENT VELOCITIES 
MEASURED BY LV 


(a) Estimated Percent Error in the LV 
Measurement of Mean Velocity with 
9 5% Confidence. 


N 

v’/Vj 


0.2 

0.1 

0.05 

0.025 

10 

14.-1 

7 

3.5 

1.76 

20 

9.3 

4.7 

2.3 

1.20 

30 

7.4 

3.7 

1.9 

0.93 

40 

6.3 

3.2 

1.6 

0.80 

60 

3.0 

2.6 

1.3 

0.65 

120 

3.6 

1.8 

0.9 

0.45 


(b) Estimated Percent Error for LV 

Turbulent Velocity Measurements 
with 95% Confidence. 


* 

Percent Error 

20 

31.5 

40 

21.8 

60 

17.8 

120 

12.6 

240 

9.12 

480 

6.45 

960 

4.56 

5000 

2.0 

25000 

0.89 
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0 


A fine traverse mechanism (10 revolutions on a potentiometer for 33 
inches of total travel; usable fine traverse distance is 20 inches) 
that is available during both the slant and vertical movements. 

This drive system allows for more smoothly controlled vertical 
traverses required for obtaining mini histograms. 

o Modified software that enables mean velocity data to be obtained 
during any of the traverses (that is, axial or vertical, radial and 
slant) from mini histograms in the form of plots of mean velocity 
data points plotted as a function of their traverse location. 

During the current program, the mean velocity data measured with the 
mini histograms have been obtained from the acceptable data samples 
set to 20. This number of acceptable samples yields an estimated 5% 
error in the LV mean velocity measurements with a statistical 95% 
confidence level within a given flow regime having a turbulent 
velocity ratio (v'/Vj) of 10%. 

References 

B-l. Knott, P.R., "Supersonic Jet Exhaust Noise Investigation", Volume I, 
Summary Report, AFAPL-TR-76-68, July 1976. 
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APPENDIX C 


MEASURED SUPPRESSIONS FROM THE EJECTOR 


PAGE 


CASE 

CONFIGURATION 

NUMBER 

TE1-TE2 

SHORT HARDWALL SHROUD SUPPRESSION 


CBS 

Cutback, Static 

Cl 

ITS 

Intermediate, Static 

C2 

TOS 

Take-off, Static 

C3 

CBF 

Cutback, Flight (at 400 fps) 

C4 

ITF 

Intermediate, Flight (at 400 fps) 

C5 

TOF 

Take-off, Flight (at 400 fps) 

C6 

TEl-TElO 

LONG HARDWALL SHROUD SUPPRESSION 


CBS 

Cutback, Static 

C7 

ITS 

Intermediate, Static 

C8 

TOS 

Take-off, Static 

C9 

CBF 

Cutback, Flight (at 400 fps) 

CIO 

ITF 

Intermediate, Flight (at 400 fps) 

Cll 

TOF 

Take-off, Flight (at 400 fps) 

o 

— J 

PO 

TE2-TE3 

SHORT, TREATED DESIGN #2, OUTER WALL ONLY 


CBS 

Cutback, Static 

C13 

ITS 

Intermediate, Static 

C14 

TOS 

Take-off, Static 

C15 

CBF 

Cutback, Flight (at 400 fps) 

Cl 6 

ITF 

Intermediate, Flight (at 400 fps) 

C17 

TOF 

Take-off, Flight (at 400 fps) 

Cl 8 

TE2-TE4 

SHORT, TREATED DESIGN #2, BOTH WALLS 


CBS 

Cutback, Static 

Cl 9 

ITS 

Intermediate, Static 

C20 

TOS 

Take-off, Static 

C21 

CBF 

Cutback, Flight (at 400 fps) 

C22 

ITF 

Intermediate, Flight (at 400 fps) 

C23 

TOF 

Take-off, Flight (at 400 fps) 

C24 

TE7 -TEIO 

LONG, TREATED DESIGN #2, OUTER WALL 


CBS 

Cutback, Static 

C25 

ITS 

Intermediate, Static 

C26 

TOS 

Take-off, Static 

C27 

CBF 

Cutback, Flight (at 400 fps) 

C28 

ITF 

Intermediate, Flight (at 400 fps) 

C29 

TOF 

Take-off, Flight (at 400 fps) 

C30 
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PAGE 


CASE 

CONFIGURATION 

NUMBER 

TE8 -TE10 

LONG, TREATED DESIGN #2, OUTER AND INNER WALLS 


CBS 

Cutback, Static 

C31 

ITS 

Intermediate, Static 

C32 

TOS 

Take-off, Static 

C33 

CBF 

Cutback, Flight (at 400 fps) 

C34 

ITF 

Intermediate, Flight (at 400 fps) 

C35 

TOF 

Take-off, Flight (at 400 fps) 

C36 

TE2-TE5 

SHORT, TREATED DESIGN #1 , OUTER AND INNER WALLS 


CBS 

Cutback, Static 

C37 

ITS 

Intermediate, Static 

C38 

TOS 

Take-off, Static 

C39 

CBF 

Cutback, Flight (at 400 fps) 

C40 

ITF 

Intermediate, Flight (at 400 fps) 

C41 

TOF 

Take-off, Flight (at 400 fps) 

C42 

TE2-TE9 

SAME AS TE2-TE5,BUT WITH CLOSE SPACING 


CBS 

Cutback, Static 

C43 

ITS 

Intermediate, Static 

C44 

TOS 

Take-off, Static 

C45 

CBF 

Cutback, Flight (at 400 fps) 

C46 

ITF 

Intermediate, Flight (at 400 fps) 

C47 

TOF 

Take-off, Flight (at 400 fps) 

C48 


5JB86004 
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